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Phototropism * 


(Photochromism ) 


by GLENN H. BROWN, Ph.D., and WILFRID G. SHAW, Ph.D. 


(Department of Chemistry, Kent State University, Kent, Ohio, and Research Department, 


The Standard Oil Company (Ohio), Cleveland, Ohio). 
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1 INTRODUCTION 


Marckwald! gave the name “phototropy” to 
the phenomenon in which a solid changes 
colour when exposed to light but reverts to 
its original colour in the dark. The term 
“phototropy” is not a particularly good one 
to explain this phenomenon of colour change 
of solids and solutions since it has been used 
by botanists, biologists and biochemists for 
many years to describe a true tropistic be- 
haviour in plants; also the form of the word 
does not suggest to the English-speaking 
scientist that it is a phenomenon rather than 
a field of knowledge. Couch? recommended 
that people in the biological fields drop the 
use of the term phototropy as related to plants 
and leave the term for photochemists. How- 
ever, his recommendation has not been ac- 
cepted by either group of workers and the 
term is still used by both to mean different 
things. The authors of this review have chosen 
to use the term “phototropism” as the title 
for this review since the term implies a 
phenomenon, and secondly, the term is well 
established in the literature. In recent years 
the term “photochromism” has been rather 
widely used in chemical literature to charac- 
terize those systems, solids and_ solutions, 
which undergo a colour transformation in the 
visible region when the systems are exposed 
to an exciting radiation. The term photo- 
chromism is descriptive of the phenomenon 
taking place and because of its current usage 


* This review is an outgrowth of work initiated with one of us (G.H.B.) by the Aerospace Medi 
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has been used as the sub-title of this review. 

Four reviews in the different areas of photo- 
tropy have been published. Stobbe* reviewed 
_ the field as related to chemistry up to about 
~ 1921, Chalkley* reviewed the same field up to 
about 1928, Bhatnagar, Kapur, and Hashmi? 
reviewed the field up to about 1938, while 
Van Overbeek® reviewed the biological field 
up to about 1938. The present article covers 
the literature reviewed by Chemical Abstracts 
up to 1959 of this publication, with some 
references to work of a later date. It is 
difficult to cover all articles containing infor- 
mation on phototropism since the information 
may be buried in an article as secondary to 
the main content. Only those systems which 
_show reversibility of colour change have been 
described; a one-way colour change has not 
been considered since such a change is not a 
true example of phototropism. 

ter Meer’? appears to have been the first 
person to observe a phototropic colour change 
when he exposed the potassium salt of dinitro- 
ethane to exciting radiation. Another contri- 
bution to the study of phototropism was 
published in 1881 by Phipson* who had the 
strange case of a painted gate post that 
changed colour called to his attention by a 
friend, Thomas Griffiths. Phipson®? made many 
qualitative tests on the paint pigment now 
called “lithopone”, which had been used to 
paint this gate post. He speculated about the 
cause of phototropy, which he called the 
“actinic phenomenon”, but was not able to 
reach a definite conclusion about it. It should 
be noted in passing that the colour change 
exhibited by lithopone was probably first ob- 
served about 1870'°. Cawley!! discussed his 
experiences with lithopone and pointed out 
that he could make a preparation of the pig- 
ment which would be stable to light by adding 
about three per cent of ammonium chloride 
to the mixture before use. 

Marckwald! first recognized that photo- 
tropism was a new phenomenon and considered 
it a truly reversible photo-reaction. Among 
the first organic compounds reported which 
exhibited phototropy were benzo[c][1,8]naph- 
thyridine (listed as anhydrous quinoquinoline 
hydrochloride) and tetrachloro-1(2)-ketonaph- 


thalenone which were prepared by Marckwald. ~ 


In the same year Biltz!2* observed the photo- 


tropy of benzalphenylhydrazone and certain 
osazones. However, Wislicenus!® had noticed 
the reversibility of colour of benzalphenyl- 
hydrazone as early as 1893. 

Both inorganic-and organic compounds ex- 
hibit phototropy but most phototropic sub- 
stances are organic in nature. Several hundred 
compounds are known to be phototropic in 
the solid state. In addition, a number of 
compounds exhibit phototropism in solution; 
most of these do not show the property in 
the solid state. 

In scientific literature there is a distinction 
between phototropic, phosphorescent and 
fluorescent substances. The last two absorb 
light and then begin to reemit it. A few 
phosphorescent substances change colour when 
exposed to light but revert to their original 
colour in the dark. When a phosphorescent 
substance which changes colour on exposure 
to light is brought from the dark into the 
light, the colour of the substance changes until 
an equilibrium is reached between the rates 
of absorption and emission of light. The 
changes which occur in substances as they 
exhibit the phototropic phenomenon are 
different from the changes that occur in fluores- 
cence and phosphorescence for there is no 
observable emission of radiation after the 
exciting radiation is removed as is found in 
fluorescent and phosphorescent processes. 

There are very few quantitative data on the 
rate at which phototropic solid substances 
undergo their colour changes. Generally it 
can be said that the time required for bright 
sunlight to produce a pronounced change in 
colour is of the order of a few seconds to 
many minutes. The reverse change in the dark 
requires from a minute to several weeks. 
Solutions generally show a colour change on 
exposure to light of the order of a microsecond 
to a few seconds while the reverse change 
requires from a few seconds to several days. 

A wide variety of substances shows photo- 
tropism and a variety of different explanations 
has been given to interpret the phenomenon. 
These explanations have been summarized in 
Section 5. In earlier sections of this review 
the compounds which show photochromism 
have been listed-and experimental observations 
of the phototropic phenomenon have been de- 
scribed. 
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2 LISTING OF PHOTOTROPIC SOLIDS 
AND SOLUTIONS 


Most of the earlier work on phototropy was 
done with solids while a large portion of the 
more recent work deals with the phototropy 
of solutions. In this section an effort has been 
made to list the phototropic materials that 
have been reported in the literature, both 
solids and solutions. No effort has been made 
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pism, the letter n indicates absence of photo- 
tropy while the letter r indicates reverse photo- 
tropy. The superior number indicates the re- 
ference from which the information about the 
compound was obtained. 


2.1 Solid organic materials 
2.1.1 Anils or Schiff bases 


The condensation products of aldehydes and 
primary amines are called anils or Schiff bases. 


Table 1 ANILS 
Aldehyde 
a ak gna Wee 
ty i ‘Sl N ES z = 
Amine a 25, On. 3%, me § = 
3 33 ES ie) a) 5 3 
‘Ss Aa wee Se ogee 6 5 
oo aS. Sees = = 
2 @¢ 4a ge EB 2 
Ww va) cn w N S \o 
m-Aminobenzoic acid .... wo... D n —_ n 
p-Aminobenzoic acid =... .- DP -— — n -- ~- a 
p-Aminobiphenyless. le. eee _— = —— —= —— = 
o-Aminocinnamic acid 0... De == aa = = == 
p-Aminoethylbenzoate 0 0... pe = a = == == 
PMWM ote eperacen bree diet Comes p” n n n n _ -— 
GoNOUGCHNS cs see vee) Sess eee fom De n — p n p — 
PINUS 2 2h Ree A n = n n — p 
PL BLOMmMOaniiiNe mes eae ene — — n n — -- 
o-Bromoaniline .... 0. .... p” n — n n — -- 
PADOUNORIUINING 55 eke oie a ee | p n p n — -- 
MeGMonoanilinerers letra «ala n = n n — — 
o-Chloroaniline ..... hte hot Bee Beat De n = n n — —- 
GAINEY oNGETINE: soe, cere mae aay p n n — p — 
EINEM OW ARTI cs, cers nom ee 120 n n n n p oo 
PH-INitrO ati linemen ate estes — == — — p —- 
OPINMORORNATNTINS Goce non, ore Aun ome — p _ 
p-Nitroaniline ..... Arwen cons — p + 
p-Phenetidine ..... se pan IS — = — — p = 
m-Phenylenediamine Des —_— n —_ _ — -— 
T= WOMMUGIMG ake Gewc tone ae Dae n — n n == — 
p= TOlOIGiNe yma. one eee ener De n n n n — = 
PED GUIGIND (oy Gren ocexy anon co 9 LN n — D- n = =? 
2S Vlidite Rin can. eRe. ace eee n = ne n = an 
1,3,4-Xylidine = Ethie. ty eas — = n n —_ et 
Key p = phototropic; n = non-phototropic 


to list all of the compounds which have been 
tested and found to be non-phototropic. How- 
ever, in certain tables where convenient, some 
non-phototropic compounds are cited. 

In the tables which follow the letter p 
indicates that the substance shows phototro- 


Several hundred anils have been examined for 
phototropy, but only a few have been found 
to possess the property. Those showing photo- 
tropy are summarized in Table 1. A blank 
space indicates that the anil has not been 
examined for phototropic character. The 
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_ phototropic anils are colourless or light yellow 

in the dark and generally red in sunlight. 

de Gaouck and Le Fevre?® made an in- 
teresting analysis of the anils. They concluded 
that of the 300 anils known at the time of 
their publication only 25 had been reported 
to show phototropism and of these, 18 were 
- derivatives of o-hydroxybenzaldehyde and 3 
were derivatives of p-hydroxybenzaldehyde. 
They reported that in compounds of the type 
2,5-X(OH)CsH3-CH=NC,He2Y3 if X is any 
group other than H, phototropism does not 
occur; the influence of Y upon the phototropic 
process is very marked, for although salicyli- 
dene-m-toluidine, salicylidene-aniline and sali- 
cylidene-p-bromoaniline show phototropism, 
salicylidene o- and p-toluidines and p-chloro- 
aniline do not exhibit the phenomenon. These 
authors concluded that the phototropic 
mechanism must consist of a material inter- 
action of molecules in the lattice and not in 
some rearrangement undergone by the mole- 
cules. 


2.1.2 Disulphoxides 
Bis(p-acetamidophenyl)disulphoxide is photo- 
tropic when mixed with about 0.1% of bis- 
(p-acetamidophenyl)disulphide*?". Pure bis- 
(p-acetamidophenyl)disulphoxide is not photo- 
tropic. The disulphide must be in solid solu- 
tion since mechanical mixing of the two 
components does not produce phototropy; also, 
the disulphide must be present in the proper 
amount for the disulphoxide to show photo- 
tropism. Other phenyl disulphides containing 
amino groups, or substituted amino groups, 
para to the sulphur atoms may replace the 
acetamidodisulphide. However, meta and 
ortho compounds are not phototropic. Other 
disulphur compounds?’ that are phototropic 
are _ bis(4-acetamido-l-naphthyl)disulphoxide, 
bis-(4-acetamido-m-tolyl)disulphoxide, and p- 
acetamido-phenyl ester of p-chlorothioben- 
zenesulphonic acid. The phototropy of these 
sulphoxides may be due to traces of a 
disulphide but this has not been proved. 


2.1.3. Hydrazones 

The phototropic hydrazones are listed in Table 
2. The data in the table refer to the hydrazone 
formed by the condensation of the hydrazine 
named over the datum, and the aldehyde, ester 
or a-diketone named on the side. In listing 


the hydrazine, only the distinctive part of the 
name of the hydrazine is given. For example, 
“phenyl” represents phenylhydrazine, etc. 


2.1.4 Osazones 


The phototropic osazones are listed in Table 
3. With the exception of the phenylosazones 
of benzil, anisil and piperil, it appears that 
only one modification of the osazones has been 
studied for phototropy. The phenylosazones 
just cited show phototropy in both modifica- 
tions. In those cases where only one stereo- 
isomer has been studied the letter 8 is used to 
designate the modification. 


2.1.5 Semicarbazones 


Some of the semicarbazones possess very in- 
teresting phototropic properties. Cinnamal- 
dehyde semicarbazone is white when freshly 
prepared and its colour does not change if it 
is stored in the dark or in the light. However, 
after exposure to sunlight for an hour and 
then storage in the dark the compound be- 
comes yellow; exposure of the yellow form 
to light brings back the colourless form. The 
process can be repeated again and again*®. 
Recrystallization of either the yellow or white 
form always yields the white modification. The 
semicarbazones of o-methoxycinnamaldehyde, 
m-methoxycinnamaldehyde and p-methoxycin- 
namaldehyde as well as the phenyl semicarba- 
zones of o-methoxycinnamaldehyde and p- 
methoxycinnamaldehyde all exhibit this 
peculiar behaviour to light*®. The phototropic 
semicarbazones are listed in Table 4. 


2.1.6 Stilbene derivatives 


Stobbe and Mallison®? found that certain de- 
rivatives of  4,4’-diamino-2,2’-stilbenedisul- 
phonic acid (1) are phototropic. The colour 


H,N CH=CH NH, 


2 


SO,H SO.H 


(1) 
changes of all of these derivatives are from 
colourless or yellow in the dark to pink in the 
light and are reversible. The known photo- 
tropic derivatives are 4,4’-diformamido-2,2’- 
stilbenedisulphonic acid, 4,4'-bis(p-formamido- 
benzamido)-2,2’-stilbenedisulphonic acid, 4,4 
diacetamido-2,2’-stilbenedisulphonic acid and 
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many of its salts, 4,4’-bis(4-acetamidobenzo- 
yleneamido)-2,2’-stilbenedisulphonic acid and 
4,4’-bis[p-(p-acetamidobenzamido)benzamido]- 
2,2'-stilbenedisulphonic acid. 


2.1.7. Succinic anhydrides 


Stobbe?-38:54 and later Hanel®> studied a whole 
series of succinic anhydrides (‘“fulgides”) (2) 
and their derivatives. Since the four R-groups 
may be substituted by a variety of organic 
radicals, and as the resulting compounds may 
exhibit cis-trans isomerism, the number of de- 
rivatives of these parent substances is very 
large. Stobbe found that some of the sodium 


Table 2: HYDRAZONES 


salts of the succinic acids may or may not 
show phototropy depending on whether or not 
the salt is anhydrous or contains water of 
crystallization. 

Most of the substituted succinic anhydrides 


R 8) M 710 
>cee-c* 
R \ 


Ry 
C=C=C 
R~(@ (8) So 


(2) 


are yellow to red in the dark and prolonged 
exposure to light darkens the sample. The 


Hydrazine 
a Le 8 
Aldehyde, Ester, Ketone > A > 
and a-Diketone ie 7 2 = 3 2. 
: S Bae ee eed : 2 ¢ 
a Aces ° heen ~ is es) 
ee a eee) ey ee ee 
Leper eet ae gare Merge eer reo 
o-Aminobenzaldehyde .. wise see sue = = — p° — — = = o 
TREN els ai acsk hae al Pewee eb ual n p n Hee p” n n p n 
Benzaldehyde ects Pei p p n p p” Do Pp p p — 
5-Bromosalicylaldehyde ..... 0s. = — — “= — pe — — — — 
Cinnamaldehyde eS Fontan sere Pate Ch) p p p De ps p p n p 
Cuminaldehiyde saaetemer ante p p p p p™ = p p p = 
p-n-Decyloxybenzaldehyde ... ...... ...... — -—~ — — == es = cm, bos. = 
Diethyl dimethyloxalacetate ....... ..... — — — — — p® == aos ie 
2,4-Dihydroxybenzaldehyde ..... ..... — Pp eae 2 = = ee: 
p-Dimethylaminobenzaldehyde ...... -- — — — p° a = ae = ass 
Zabba dehy Ge mer. ae mee age, Care — — — = p” n* — p*® = = 
m-Hydroxybenzaldehyde ...... ...... ..... —- p = on a2 oa = 
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9-Ketofluorene-4-carbonic (acid 
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o-Methoxybenzaldehyde ..... .0. ..... -- ~~ — — Pp aa mae es wy oe 
5-Methyl-1- (3,4-methylenedioxy- 
phenyl) -1-hexen-3-one ..0. wn _- — — — — p” —— — Be 4 
p-n-Nonoxybenzaldehyde ..... 0.00. 00... — — — — = p” = ax es = 
1-Phenyl-1-hexen-3-ome 20. coe ce _. — = as — pa ae = os = 
1-Phenyl-1-penten-3-one 0. ee St p® ” ie Mes rie i 
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Key p = phototropic; n = non-phototropic 
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succinic acids and their derivatives are white, 
o1 in a few cases a light yellow, and change 
to yellow or to red on exposure to light. 


_ Stobbe did not study the effect of ultraviolet 


light on these compounds and points out that 
some of the compounds he lists as non- 
phototropic might be phototropic in ultraviolet 


light. 


2.1.8 Other solid organic compounds 

In addition to the classes of phototropic com- 
pounds listed in the preceding sections there 
are some other widely different organic com- 
pounds that show phototropy. These com- 
pounds are anhydrous benzo[c][1,8]naphthy- 
ridinet, N-(5-bromosalicylidene)benzylamine®®, 
N-(5-bromosalicylidene)methylamine®*,  salicy- 
lidene-p-anisidine®*, 2-hydroxy-3-methoxyben- 
zylidene-p-xylidene®*, __tetrachloro-1(2 or 4)- 
naphthalenone?5®:5%.60, spirans®1®?, o-nitroben- 
zylidene isonicotinic acid hydrazide®*, 2,3- 
epoxy- 2 -ethyl- 3 -phenyl- 1 -indanone**, _p- 
diethyl- and p-dimethyl-aminophenylimino- 
camphor®, brucine salts of bromo- and chloro- 
nitromethionic acid®*, diphenacyldiphenylmeth- 
ane®™.68,  2,4,4,6-tetraphenyl-1,4-dihydropyri- 
dine®’:°S, 2,4,4,6-tetraphenyl-3 ,5-dibenzoyltet- 


Table 3 OSAZONES 


fee tee 8 eS 

Aldehyde e ‘a = = 
3) > rev a 

an! a= a 3 

a= 3 Zz Zz 

Q = 8 vol 
Anisil n n p p(s)” 
Benzil _ —— n p(s)“ 
Caminily —. — s= a = 
Piperil .. .. — n p Pp: 


Key p = phototropic; n = non-phototropic 


rahydropyran®’**, yellow modification of a- 
azoxynaphthalene®, the condensation products 
of 1,2-diphenyl-3,5-diketopyrazolidine with 
gNOs,° ONC,H.OH and ONC.HsN(CHs)2, 
tetrabenzoylethylene™!, 0-nitrobenzylidenede- 
soxybenzoin™, p-nitrobenzylidenedesoxyben- 
zoin™2, N-(3-pyridyl)syndone™:"4, 2-(2’,4’-dinit- 
robenzyl)pyridine™*7®, and derivatives of 4- 
aminobenzene”’. 


“2.2 Solutions of organic compounds 
A number of compounds show phototropy in 


S 


solution. No careful study has been made of 
the role of the solvent but some workers have 
suggested that the intensity of the colour is 
dependent upon the solvent. Some examples 
are 3-(1-naphthylamino)camphor‘**!, 3-(m- 
aminoanilino)camphor™®:"*8!,  3-(5,6,7,8-tetra- 
hydro-1-naphthylamino)camphor*®:*®®!, chloro- 
phyll §?°5, and a large number of dyes?5:77.8, 
84-95,102-105. Several dehydrobianthrones®*,9*®, 
some aromatic-substituted chloromethanes®, 
and 2- and 4-(2',4’-dinitrobenzyl)pyridine!™ 
101 also exhibit phototropism in solution. 


2.3 Solid inorganic compounds 


The number of inorganic compounds exhibit- 
ing phototropy is considerably less than the 
number of organic compounds. 


2.3.1 Alkaline earth sulphides and titanates 
Mourelo carried out a number of studies on 
the phototropy of alkaline earth sulphides’°™ 
117 and concluded that there must be traces 
of an active ingredient present such as man- 
ganese or bismuth before they would exhibit 
phototropy. 

Barium, calcium and strontium titanates 
with small amounts of Fe(II), Zn(II, Sb(V) 


Hydrazine 

3 

mal 
« s = 
ee E in “ 
Ay is ° a — 
3) p(8) n(p)* p(s)* Pp 
p p(8) p(s)“ p(s)“ Pp 
(8) = ct a n 
p p Pa p(p)“ Pp 
and V(V), show phototropy'!’, and it was 


concluded that for an impurity to be effective 
it’ must have an ionic radius near that of 
Ti*+, and a different valence to make electron 
transfer possible. Calcium titanate!!® was re- 
ported as exhibiting phototropy in the presence 
of both oxygen and moisture. 


2.3.2 Mercury compounds 

Data from Rao and Watson™® on phototropic 
mercury compounds are given in Table 5. 
The following mercury compounds have also 
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been described: J-Hg-S-S-Hg-I'*’, HgBrCl, 
HgICl, HelBr??; and HgI-2HgS'**. A mixture 
of mercury (I) and silver iodides produced by 
toning photographic images of silver with 
mercury (II) iodide is phototropic’?®, as are 
certain mixtures of AgeS and Hgl21°°. 


2.3.3 Titanium compounds 
The phototropic nature of rutile was first ob- 


Table 4 SEMICABAZONES 


Aldehyde and Ketone 


Cinnamaldehyde ..... .... . 


1-(2-Hydroxypheny!]) -1- ett eee a SONGWe. kc emt Ce ae 
4-(4-Hydroxypheny]) -3-buten-2-OMe on. eee cece cece sees nettee nee 
1-(4-Isopropylphenyl) -1-hexen-3-One 2. oe eee cece cette tee eee 


1-(4-Isopropylpheny]) -1-penten-3-one ... ..... 


4-Methy]l-1-(3,4-methylenedioxypheny]) -1- Potcn 5 Obes as chee ap 
5-Methyl-1-(3,4-methylenedioxypheny]) -1-hexen-3 


5-Methyl-1-(1-naphthyl) -1-hexen-3-one 
1-(3,4-Methylenedioxypheny]) -1-penten-3-one 


maMethoxy cimmamaldeh yes esse scent ene ene eee eee 


o-Methoxycinnamaldehyde 
p-Methoxycinnamaldehyde ...... .... 


1-(2-Methoxypheny] ) -4-methyl-1- =pentert 32 OHE Zee 
1-(4-Methoxypheny]l) -5-methyl-l-hexen-3-one 0. 0 


1-(4-Methoxypheny]) -1-penten-3-one ...... ...... 


4-(2-Methoxypheny]) -3-methyl-3-buten-2-one A 


4-(4-Methoxypheny]) -3-ethyl-3-buten-2-one 
5-(4-Methoxypheny]) -2-penten-3-one ...... ..... 


6-(4-Methoxypheny]) -2-methyl-5-hexen-4-one 0.00 nk eee cee te 
i-(leNaphthyi)-l=hexen=3-0ne ts se anc eee eee 


2-Nitrochalcone uu... ce ue 
3-Nitrochalcone ..... ...... 
1-Phenyl-1-hepten-3-one 


l-Phenylel=penten=3-oner ay jee te) ate eee a2 


4-Phenyl-3-buten-2-ome o.oo ee ce ae 
5-Phenyl-4-penten-3-one ...... .... 


The phototropic effects with anatase, rutile, 
anatase-rutile mixtures, and TiO2 contaminated 
with Ni, Cr, Cu, Sm, Pr, Yb and Nd com- 
pounds have been systematically investi- 
gated!%°, 


2.3.4 Oxides 
Many oxides, such as Nb2O;, AlzO3, SnOz and 
ZnO become phototropic when contaminated 


o 
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p* eis = 
p* ee = 
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Key p = phototropy; r = reverse chotoiroptt n — non-phototropy 


served by Lee’?! and by Parmalee and 
Badger'**. Williamson*:183.134 and Weyl and 
Forland'** reported that some varieties of 
commercial TiO. and TiO, contaminated with 
iron (added as Fe2O3) showed reversible dar- 
kening in daylight while pure TiO, gave no 
perceptible darkening. A concentration of 
0.2% Fe,O; gave maximum photochromism. 


by impurities found effective for TiO.!187, 
2.3.5 Zinc sulphide 

The phototropic properties of lithopone have 
been the subject of a number of investigations 
and ‘speculations®:1¢.1152,185 14m Se Cerin rTe= 
search workers have shown that the phototropic 


properties of lithopone are due to zinc sul- 
phide* sss teint 


B 
5 
ES 
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2.3.6 Miscellaneous compounds 

Copper(I) chloride, copper (1) bromide?#®:149, 
bismuth oxalate°, lithium imide, pink 
hackmanite!®!, and sodalite!52 all show photo- 
tropy. The phototropy of copper (I) halides 
is temperature sensitive and above 75° C prac- 
tically no spectral sensitivity is observed. 


2.4 Solutions of inorganic compounds 


A solution of molybdenum trioxide in selenium 
oxychloride is normally light yellow but be- 
comes indigo blue in sunlight and reverts to 
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light absorbed by a substance are active in 
producing a phototropic change; that is the 
phototropic process follows the Grotthuss- 
Draper Law which states that only those wave- 
lengths which aré absorbed by a reacting 
system are effective in inducing a chemical 
change. The time required for a phototropic 
substance in solution to undergo an appreciable 
colour change when exposed to light varies 
with the solution and the conditions of illumi- 
nation; however, it seldom takes more than 
two minutes in bright sunlight for the change 


Table 5 PHOTOTROPIC DATA ON MERCURY COMPOUNDS™ 


Colour Darkening Time for 
Substance before time recovery 

exposure (min.) (day) 
FEROS GINO) es caiecvccc ce Macias cust soe Pale brown 30 2, 
Hg(Br)CNO .. Pale yellow ils) 2 

Hg(I)CNO . on me Golden yellow 3 1.5 
Hg(Cl) CNS ¢Als0 i 22) ge A White 20 2 
mr (Br) CNS (Alsomeis22).2. 25. 4, White py) 2 

Hg(1)CNS(Also ref. 22, 121, 122) Orange yellow 1 ile) 

LARCH N CIS Bi oti al oy Zxrcuehaee ene Seer Pale yellow 20 il) 
Hetpry CNSe .... - “2 dele fay eisai Yellow 2 1 

| UST OGRE) cpa sp a pe Se I Orange , iS) 
Hg(HS)CNS (Also ref. 122,123) ... Lemon yellow <i 22 
EV 2 CELS) (GINS tes ewe ae est ans Vk Pale brown 90 3 
HgCls-2HgS (Also ree 121) Sta eae White 10 pe 
HgBr2-2HgS (Also ref. 121, 124, 125) Pale yellow 3 2 
HglI2-2HgS (Also ref. 121, 124-126) Orange yellow ll 2 
Pie lace Me Semi enes - boast oaks White 120 A) 

bie Br Lie Semre as sPord 25... Se. Pale yellow 45 ile’) 

Hgle-2HgSe ..... Pale brown 5} Irs) 
He (SEN 2ZHeON ®:, 22-25, Ras: Yellow 200 3 
EN (S@ Nis? Elo Sieg oe S528 ae Yellow green 3 2 

Hig (@INSO)ig 22 EI CON ee i on Brown 6 il,5) 


the original colour in the dark'®?. An aqueous 
solution of potassium ferrocyanide which con- 
tains a little phenolphthalein is yellow in the 
dark but turns red in light'®+. The stable 
colour returns when the solution is placed in 
the dark. A solution of 7 ml. of 1 per cent 
L(+-)-ascorbic acid, 1.5 ml. of 45% acetic 
acid and 25 ml. of 1% copper acetate forms 
a phototropic system, which changes from 
yellow to brown-black on exposure to light'?. 


3 PROPERTIES OF SOLUTIONS 
EXHIBITING PHOTOTROPY 


3.1. Exciting radiation 


A number of workers®®®® (also refs. 59, 156) 
have reported that only those wavelengths of 


to take place and in some cases the change is 
of the order of a microsecond. 

Further work on phototropic solutions is 
still needed to develop quantitative relation- 
ships between the wavelength of the light used 
and the colour change, between the intensity 
of radiation and the speed of the colour change, 
and between the intensity of the light and 
the time of exposure to bring about maximum 
colour change. Some recent work has shown 
that the exciting radiation for the phototropic 
process in solutions is in the ultraviolet region 
or in the lower range of the visible spectrum, 
but no general conclusion of a quantitative 
nature can be drawn concerning the relation- 
ship between the exciting radiation and photo- 
tropy. 
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3.2 Conductivity colour change after long exposure to light****. 
: ; st, aber ci Solutions of (1-naphthylamino)camphor and 
Studies on the conductivity of solutions €x- 3 (,, sminoanilino)camphor’® in chloroform 


hibiting phototro py are rare and th as studies both lose their power to undergo the photo- 
eee es available are contradictory. Lif- tropic change with repeated exposures. Gould 
B nity and eons ee measured the eae and Brode®” claimed that monoazo dyes such 
tivity of certain triphenylmethane aes sa ae as 4-dimethylaminoazobenzene dissolved in 
Ee ethane pao and alter irradiation, benzene did not show phototropic decay, but 
divided the dyes into two categories, according they did not carry out a large number of 
as the conductivity did or did not return to exposures on any one solution. 

the original value. Malachite green leucocya- 
nide and brilliant green leucocyanide were in 
the first category; crystal violet leucocyanide, 
pararosaniline leucocyanide and auramine were ¥6 
in the second. They also reported that the 
alcoholic solution of victoria blue leucocyanide, 
which becomes coloured in the light but does 
not fade in the dark, shows a specific con- 
ductance that steadily increases when exposed 
to light and does not fall off when piaced in 
the dark. 

The most reliable work on conductivity was 
done by de Gaouck and Le Fevre who pre- 
pared solutions of malachite green leucocya- Figure 1 Resistance of a solution of malachite green 
nide and brilliant green leucocyanide and re- leucocyanide as a function of dime (after de Gaouck 
examined the conductivity of the alcohol solu- and Te Te 
tions. These authors confirmed the increase in 
conductivity which accompanies illumination 3.4 Optical rotation 
and colour development. However, the solu- 
tions did not regain their original conductivity 
after the excited solution had stood in the 
dark. This was attributed to the fact that the 


t Light ; 
} Dark 
+ Light 


Darkness 


4 Light 
| Dark 


—————E 14 hours 


Resistance (10°) 


Time (hr) 


It has been reported’® that a solution con- 
taining 0.726 g of (1-naphthylamino)camphor 
in 100 ml. of chloroform showed a specific 
rotation of 126° using the green line of mer- 


alcohol contained a small amount of water g : 
; : ; cury (A = 5461A). Af 
which resulted in the formation of hydrogen ge Bears, the paler 


cyanide by hydrolytic action. Benzene solu- ° : 
tions of the dyes did not undergo any visible = as oe sata te) thease ae 
give information as to whether the reverse 


alteration under daylight or light from a mer- change was complete but only mentions that 


cury discharge tube. Figure 1 illustrates the : 
Peo codducivikyMaaia” anismed eB e de ie es change in the dark required several 


Gaouck and Le Fevre?’, 
3.5. Mechanism of colour changes 
3.3 Fatigue Sug : 
. A few investigators have attempted to interpret 
Very little data are available on the stability the cause of phototropy in solutions. 
of phototropic solutions. Some systems will Schlenk and Herzenstein®* suggested that 
certainly deteriorate with time because of side triphenylmethane derivatives in solution, which 
reactions, reactions with the solvent, etc., while change their colour in light, undergo the fol- 
others should be phototropic indefinitely. An lowing change: 
light 
(CsHsCeHs)(CoHs)2CH + (CgH;CgHy)(CoHs)oCCl = 2 (CeHsCeH4)(CgHs)2C- + HCl 
dark 
ethereal solution of bis(10-hydroxyphenan- They substantiate their view by pointing out 
thryl)-9-amine loses its capacity to undergo that diphenylbiphenylmethyl and phenyldi- 
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biphenylmethyl in benzene solution are rela- 


tively sensitive to hydrogen chloride, but stable 
to sunlight. 


Lifschitz and co-workers®7:88.9°158 proposed 
the mechanism shown in Fig. 2 for the photo- 
lysis and dark reaction of malachite green 
leucocyanide in absolute alcohol. However, 


NMe, 


light 
Me ,N .& cn ne 
| dark 
G=N 


Colourless (Un-ionized) 


II 
mvt ; <<) ao 


Coloured (lonized) 


Harris, Kaminsky and Simard’*® favour the 
mechanism shown in Fig. 3 for the photolysis 
of malachite green leucocyanide and for the 
dark reaction. The final product then of the 


light 
Me,N S CN™ 
dark 


Colourless (lonized intermediate) 


Einstein equivalence law held with an accuracy 
of 2.5% in absolute value for the photolysis 
of malachite green leucocyanide in ethanol. 
Germann and Gibson!*! concluded that the 
malachite green leucocyanide in ethanol con- 
taining a little water does not regenerate the 
leucocyanide or the leucocarbinol as the end 


+ 


N Me, 


Figure 2  Photolysis and 
dark reaction of malachite 
green leucocyanide in 
absolute alcohol 


product. They did not identify the final pro- 
duct but only defined it as a colourless, light- 
sensitive substance which absorbed in the 
neighbourhood of 350 mz. 


[(CH3)2NCoH4]2[CoHs]C-CN se [(CH3)2NCoH4]2[CoHs]CCN 


colourless (non-dissociated) 


H2O 


(unstable intermediate) 


[(CHs)2NCoHa]o[CeHs]COH <— ([(CHs)2NCoHa]o[CcoHs]C)*CN— 


colourless (non-dissociated) 


coloured 


Figure 3  Photolysis of malachite green leucocyanide proposed by Harris et ale 


dark reaction is the colourless carbinol and 
not the original leucocyanide. The unstable 
intermediate is proposed but the authors 
found no evidence for it. 

Harris and Kaminsky’ found that the 


Calvert and Rechen!®? confirmed the mala- 
chite green leucocyanide photolysis results of 
Harris, Kaminsky and Simard1®* and found a 
quantum yield of 1.02 for malachite green 
leucocyanide in absolute ethanol at a wave- 
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length of 313 mp. Weyde and Frankenburger 
163,164 found that ethanol solutions of crystal 
violet leucocyanide and crystal violet sulphite 
could be used to measure small intensities of 
ultraviolet radiation. The leucocyanide has a 
quantum efficiency of one; the sulphite solu- 
tion is more stable with time and thus can be 
used for many different exposures. 

Singh’® proposed that the phototropic 
character of 3-(1-naphthylamino)camphor in 
chloroform might be due to a keto-enol equi- 
librium. In a later paper, Singh and Bhaduri*° 


CHCl, + 3RNH RNH 


and photochemical changes. A similar mecha- 
nism has been proposed by Lifschitz and 
Joffé®? to explain the mechanism of the colour 
change of phototropic triphenylmethane dyes. 

A study of the photochemical properties of 
thionine-iron(II) systems in water was made 
by Rabinowitch'®:1°* who proposed the equili- 
brium shown in Fig. 5. At low concentrations 
of thionine, the extent of bleaching is pro- 
portional to the first power of the light in- 
tensity, and inversely proportional to the 
concentration of the iron (III) ion. Under 


CH + 3HCI 
oxygen (light) 
a 
. 7 CioltsNHR 
R=| C,H,, RNH C-OH HORHN = =6 
ligh \ 
BSS eo ae C,,H,NHR 
dark 
Colourless Coloured 
Figure 4. Mechanism of colour change of camphor derivatives proposed by Singh and Bhaduri® 


concluded that the mechanism of the colour 
change of camphor derivatives in solution was 
due to formation of a quinoid structure. The 
acidity of the solution after exposure to sun- 
light and the observation that only halogen 
containing solvents, which contain two or 
three atoms of halogen attached to the same 
carbon atom, can bring about the phototropic 
change may be explained in such a scheme. 
They proposed the mechanism shown in 


light 


thionine + 2 Fe?+ = \ (1-x) leucothionine 


dark (* semithionine 


(colourless ) 


(coloured ) 


Figure 5 


Figure 4 which requires that the solvent takes 
part in the process. Singh and Bhaduri found 
that the stereoisomeric 3-(1-naphthylamino)- 
camphors (d, 1, dl) exhibit identical phototropic 


favourable conditions the system described 
above requires only a few seconds to reach 
both its stationary state in light and its 
stable state in the dark. The bleaching is com- 
pletely reversible in the absence of oxygen 
but in the presence of oxygen, the reduced 
dye is partly reoxidized by oxygen and the 
effect is gradually weakened with continued 
exposure. 

A carbon. tetrachloride solution of tetra- 


+ [(2-x)Fe*+ + xFe2+] 


5 Mechanism proposed by Rabinowitch'®:" for photochemical properties of thionine-iron (II) 


chloro-1-oxodihydronaphthalene at room tem- 
perature shows phototropy, remaining red for 
several minutes after exposure; longer ex- 
posure effects an irreversible secondary photo- 
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chemical reaction, manifested by a yellow 
colour that is attributed to dimerization to 
a quinol ether®®. Addition of chlorine to a 


_ colourless solution of tetrachloro-1-oxodihydro- 


- 


s 


naphthalene prevents colouration upon ex- 
posure to light probably because the red form 
combines immediately with photochemically 
produced chlorine atoms. 

Brode and Wyman'®™15§ interpreted the 
colour changes in the thioindigo dyes in ben- 
zene and in chloroform as due to a cis-trans 
equilibrium represented’ by one resonance 
modification (Fig. 6). In the case of the thio- 


(ONS 
! 
C Ss 
\ i hght 
Ce cee 
fe SS dark 
Ss 


trans 


ee O 
i 

(¢ G 
Saas 
4 \, 
® 


(aks 
Figure 6 Colour changes in thio-indigo dyes ac- 


cording to Broda and Wyman‘. 


indigo dyes, the rate of return of the cis-form 
to the trans-form is so slow that it was pos- 
sible to obtain a complete spectrum of solu- 
tions rich in the cis-isomer. On the other 
hand, monoazo dyes had a recovery time that 
was very rapid. 

Likewise, Brode, Gould and Wyman?® con- 
cluded that the phototropism of amine and 
hydroxyazo dyes was due to cis-trans iso- 
merism. The irradiation of 4-amino and 4- 
hydroxyazo compounds caused partial isomeri- 
zation to the unstable cis-form; subsequent 
standing in the dark results in a rapid reversal 
to the stable trans-form. Hydroxyazobenzenes 
show only partial conversion to the cis-form. 
This has been explained as due to stabilization 
of the trans-form by hydrogen bonding. For 
those systems that undergo a rapid deteriora- 
tion Gould and Brode'®* have developed a 
rapid shutter illumination device to allow re- 


liable measurements without decomposition. 
Livingston and Ryan** attribute the photo- 
tropy of oxygen-free chlorophyll solutions in 
methanol to an excited. metastable state of 
chlorophyll (perhaps the lowest triplet state) 
and to a radical. The radical is formed by the 
reaction of the metastable molecule with a 
molecule of the solvent. Under steady illumi- 
nation only the radical and normal chlorophyll 
are present in detectable amounts. Both the 
radical and the metastable molecule are formed 
when the solution is illuminated with a flash 
of high intensity. These authors propose that 
the metastable molecules disappear by reaction 
with normal chlorophyll molecules (or prob- 
ably by a simple first-order decay) while the 
radicals reform normal chlorophyll molecules 
by a second-order reaction. Abrahamson and 
Linschitz'’® extended the flash illumination 
studies of Livingston and Ryan and confirmed 
a far-red absorption band. Since extensive 
conversion under flash illumination occurs in 
both polar and non-polar solvents, it was con- 
cluded that at least one intermediate is formed 
by an intramolecular process rather than by a 
reaction in which the solvent participates. 
This transition may involve triplet state for- 
mation, internal rearrangement or both. 
Chaudé and Rumf*! found that certain 
spirans in solution showed an equilibrium be- 
tween the colourless form (3) and the coloured 
form (4). When exposed to ultraviolet radia- 


§ = substituent 


(4) 


tion. the equilibrium shifts to the coloured 
form. Visible light causes a shift to the 
colourless form (3). Masse®” has studied form 
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(4) by the method of molecular orbitals and 
concluded that the energy differences are such 
that the shifts to the excited state (4) are 
expected. Berman, Fox and Thomson®® found 
that the thermal stability of state (4) can be 


increased by proper choice of substituent 
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10 sec"! for the 6’-nitro-8’-fluoro derivative. 

Holmes®! has studied the effect of the nature 
of the solvent and of the intensity of the 
radiation on the phototropic behaviour of 
malachite green leucocyanide. The solvents 
which he studied were ethanoi, ethylene di- 


ry (thermal) 


(MG)CN* ————_» 


lower 
energy 
ultra-violet 


solvent of higher 
dielectric constant 


unstable 
(A) complex 
ibly 
solvent of lower (p iby 
dielectric constant a dimer) 


(B) 
(MG)+ + CN- 


r: (thermal) 


(MG)CN 


higher 
energy 
ultra-violet 


(C) 


solvent of lower 
dielectric constant 


(MG)CN* 


dielectric constant 


solvent of higher 


is oxidized, 
or reacts with 


(MG) + CN ——> solvent and/or 
free initiates chain 
radicals reaction 


higher 
dipole 
moment 


(E) 


lower 
dipole 
moment 


(MG)+ + CN- 


rz (thermal) 


Figure 7 Mechanisms of phototropic behaviour of malachite green leucocyanide, 
(MG)CN* = activated molecule. 


without apparent adverse effect on the photo- 
chemical process. For example the rate con- 
stant for ring closure (4) > (3) ranged from 
1.3 X 10° sec for 6’-methoxy-8’-nitro-1,3,3- 
trimethylindolinobenzopyrylospiran to 6.3 X 


chloride, ethylidene dichloride and cyclohexane 
as well as some mixtures of pairs of the last 
three. The results of Holmes’ studies may be 
summarized as follows: 


(1) The irradiation with ultraviolet light 
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will result in ionization of the leucocyanide in 


most cases. The dark reaction results in the 
formation of the leucocyanide. In a few cases 
the evidence supports an unstable complex 
(possibly a dimer). 

(2) The larger the dipole moment of the 
solvent molecule the more capable it is of 


' bringing about the ionization of the leuco- 


cyanide. 

(3) The mechanisms of phototropic be- 
haviour of malachite green leucocyanide as 
proposed by Holmes may be represented as 
in Figure 7. 

(4) If cyclohexane is the solvent, mecha- 
nisms A and C predominate, while if ethylene 
dichloride is the solvent, mechanisms B, D 
and E predominate. 

(5) With increase in the dielectric constant 
of the solvent there is a gradual shift from 
mechanisms A and C to B, D and E. 

(6) Reverse reactions 1, r2 are slow and the 
rates can be increased by heat. 

Holmes concluded, from the mechanisms he 
proposed, that as the dielectric constant of the 


- solvent increases the photoionization process 


\ 


Hartley'™ found that trans-azobenzene is 
converted into the cis-form on exposure of the 
solutions to light. Crystals of the cis-form can 
be kept indefinitely in the dark but are con- 
verted completely into the trans-form in solu- 
tion. The conversion of cis to trans is a 
unimolecular reaction, not greatly dependent 
on the solvent, and the temperature coefficient 
corresponds to an energy of activation of 23 
keal mole. 

Kortiim and co-workers®"!7* have studied 
the photochromism of dehydrodianthrone and 
its derivatives and found that they undergo 
a conversion into a green biradical when ir- 
radiated at low temperature (—78° C). This 
conversion is reversible on warming. From 
the fact that the conversion occurs in liquid 
solutions but not in solid solutions, it is con- 
cluded by these authors that the coloured 
species is a biradical; the coupling of the 
radicals occurs in such a manner that the 
planes of the radicals are at 90° angles to each 
other. 

Spiropyrans show photochromism when dis- 
solved in either ethanol-methanol (4:1 by 


light 


O aC) 
— \ a 
me) OS 


Figure 8 Phototropism of spiropyrans 


requires less energy than the free radical pro- 
cess, the former predominating when lower 
energy quanta are absorbed by the solute. 

Hardwick, Mosher, and co-workers!?:1°? 
have shown that both 2- and 4-(2’,4’-dinitro- 
benzyl)pyridine in alcohol solutions exhibit 
photochromism. From ultraviolet and infrared 
spectra for the colourless and coloured forms 
they suggest that a hydrogen transfer may be 
taking place from the methylene group to the 
nitro group, intramolecularly, by means of 
a six-membered intermediate. 


volume) or methylcyclohexane-isopentane (1:1 
by volume)*?°°. The authors have proposed 
that the colour change may be due to various 
eléctronically excited metastable states. They 
also propose another tentative explanation that 
the spiropyrans may “open up” when irradiated 
to give dyes that are geometrical isomers of the 
open merocyanine form. This mechanism will 
be represented using 3,3’-dimethylbisspiro- 


_ 2,2'-B-naphthopyran as shown in Figure 8. 


The differences observed between the absorp- 
tion curves of the postulated isomers were 
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found to be greater than those commonly 
encountered with geometric isomers and might 
be due to differences in the distance between 
the heteroatoms and to the contribution of the 
two main mesomers. 

Neutral red (3-amino-6-dimethylamino-2- 
methylphenazine) has been found to exist in 


(5a) Colourless 


| 


HO 


R a 
\ a or 
par a C= CH-CH= 
N ee Cis 


creasing acidity (from pH O to 3.5). A 
green form NR*+ is formed from pH 3.5 
to 9.5. All of these systems are phototropic 
and the colour changes are pH dependent. 
The phototropic behaviour of 4-(p-dimethyl- 
aminobenzeneazo)phenylmercury (II) acetate 
has been explained as resulting from cis-trans 


\ a 
Me 2 
Me Me 
von 
: we = CH-CH= 
/ } 
N ] 
1 
Me “ 


a 
(5b) Coloured 


Me Me 


Nf kg 


| (a 
Me HO 


(Sc) Coloured 


Figure 9 


six different forms'*. In the pH range of 
7.5 to 13 it is yellow and the molecule is 
uncharged; at a pH of 5.5 to 7.5 as a car- 
bonium boundary form; from pH of 0 to 5.5 
the red NR*+ cation exists in solution and 
converts into the blue form NR2+ with in- 


Photochromism of indolinospiropyran 


change*®. The transformation from cis to 
trans in dimethylformamide and in pyridine is 
first order and the rate constants have been 
established (see section 3.6 on kinetics). 
Hirschberg™* studied the photochromism of 
indolinospiropyran (5), 5-methoxyindolino- 


_ spiropyran 
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and N-methylacridinospiropyran 
and explained the phototropic cycle in these 
spiropyrans in a manner represented by the 
use of compound (5) as shown in Fig. 9. 

In non-polar solvents (5b) is very stable. 
Excitation of this molecule by visible light is 
not enough to bring about the reclosure of the 


' spiropyranic ring. Therefore, the reversion 
_ process from the coloured forms to the colour- 


less ones by irradiation with visible light in 
non-polar solvents is very slow. 5-Methoxy- 
indolinospiropyran, however, with the methoxy 
group can be easily reconverted on absorption 
of visible light into its colourless form. In 
polar solvents (e.g. ethanol) or in hydrochloric 
acid the coloured molecule (5b) is partially 
transformed into the quasi complex coloured 
salt (Sc). 5-Methoxyindolinospiropyran and 
N-methylacridinospiropyran behave in a com- 
parable fashion. 

Lewis and Lipkin'*? proposed that photo- 
chromism of xanthylideneanthrone was due to 
steric isomerism in which the coloured form 
contains a higher contribution of the bipolar 
mesomer (6a), whereas in the colourless isomer 
the contribution of mesomer (6b) predomi- 
nates. These forms may be represented as 
follows: 


=> 
O O 
36 ines aa 
pie 
1 


O O 


(6a). (6b) 


3.6 Kinetics and thermodynamics of the 
colour change 
One of the first attempts to study the velocity 


of change of colour of a phototropic sub- 
stance in solution was made on rosaniline sul- 


phite solutions®®. The data show, in an ap- - 


proximate manner, a rapid change of intensity 
of colour with time for the first few minutes, 


a7. 


with a levelling off, followed by a gradual 
decrease in intensity after five or six minutes. 
Ariga’* found that the velocity of the colour 
change of malachite green carbinol was directly 
proportional to the intensity of the light and 
practically independent of the temperature and 
the concentration of the alkali in the solution. 

There is very little quantitative data on the 
rates of phototropic reactions. Livingston and 
Ryan** report that the metastable molecules 
of chlorophyll disappear to form radicals pos- 
sibly by first-order decay while the radicals 
reform normal chlorophyll molecules by a 
second-order reaction. The half-life of both 
species (both the radical and metastable chloro- 
phyll molecule are formed in comparable con- 
centrations when the methanol solution is 
illuminated with a flash of high intensity) is 
about 5 « 10+ sec at wavelengths of 468- 
477.5 mp. Livingston, Porter and Windsor®? 
found the half-life values of the principal 
photo-chemical transient in chlorophylls and 
coproporphyrin in benzene or methanol to be 
between 2 X and 5 X 10% sec. The original 
papers give details on the half-lives of the 
metastable molecules. 


Table 6. Rate constants for thermal stability of 
ethanol solutions of some 1,3,3-trimethylindolino- 
benzopyrylospirans”. 


Substituent i(SeGe) 
6 SnitrOge en erat see ADS <a Oe 
6’-nitro-8’-allyl ...... ...... DAO eam 
6’-nitro-8’-fluoro ... ...... 6:33. x 10m 
6’/-methoxy-8’-nitro 320s 
5’-nitro-8’-methoxy DBI OK OF 


Kinetics of the cis to trans change of 4- 
(p-dimethylaminobenzenazo)phenylmercury (II) 
acetate in dimethylformamide and in pyridine 
are found to be first order®®. The rate con- 
stants at 19.4°C are 8.81 x 10° sec? in 
pyridine and 3.68 < 10° sec™ in dimethyl- 
formamide. The free energy, enthalpy and 
entropy of the cis to trans change in pyridine 
were calculated to be AF = 22.5 kcal mole™; 
AHt = 19.6 kcal mole*; and ASE = —9.9 
e.u.; in dimethylformamide the data are: 
AFt = 23 kcal mole?; AH¢ = 18.9 kcal 
mole and ASt == —14.0 e.u. The rates of 
ring closure of various 1,3,3-trimethylindolino- 
benzopyrylospirans follow a first-order law’. 
Typical rate data are given in Table 6. 


18 


Reviews of Pure and Applied Chemistry 


4 PROPERTIES OF SOLIDS EXHIBITING 
PHOTOTROPY 


4.1. Exciting radiation and colour changes 


The exciting radiation which causes the photo- 
tropic change in solids generally lies in the 
ultra-violet frequency of 280 mz. The spectral 
spectrum. There has been one paper in which 
it has been reported that strontium cyanoplati- 
nate is activated by X-rays!”. 

Only general statements can be made con- 
cerning the exciting radiation in the photo- 
tropic change. The spectral sensitivity of 
cinnamaldehyde semicarbazone has _ been 
studied*® and found to have a characteristic 
ultra-violet frequency of 280 my. The spectral 
sensitivity of zinc sulphide'®*:1*°, the succinic 
anhydrides (“fulgides’”)**, —tetrachloro-1(2)- 
naphthalenone*®.*®, certain anils*, hydrazones*®, 
osazones!*®'7", and stilbene derivatives®? has 
been investigated. A recent study by Linde- 
mann!7§ showed that salicylidene-m-toluidine 
is yellow and crystalline in its dark-stable form 
but is converted to the orange-red, unstable 
form by irradiation with a wavelength of 
365 mp. Clark and Lothian’ found that 2- 
(2',4’-dinitrobenzyl)pyridine gave a phototropic 
effect when irradiated with plane-polarized 
radiation of 365 my parallel to the B(rose-pink 
colouration) or y(blue colouration) directions 
in the crystal. The same irradiation along the 
a direction gave no colouration. None of the 
three principal directions of observation shows 
large absorption in the visible but there is a 
distinct pleochroism in the ultra-violet. 

Weigert®? found the most prominent face of 
the orthorhombic colourless crystals of tetra- 
chloro-1(2)-naphthalenone is the prism (110), 
whose edges are parallel to the c-axis. The 
crystal axes of the solid are a:bic = 
0.725:1:0.504. The compound assumes a red- 
violet colour when white light falls on it, and 
loses this colour when placed in the dark or 
irradiated with yellow-green light. Using plane 
polarized light, Weigert found that the electri- 
cal vector in the direction of the c-axis absorbs 
at 375 my» and 395 my whether the crystal is 
clear or excited. With the electrical vector in 
the ab-plane, absorption was found only at 
420 my in the clear crystal while a strong ad- 
ditional band appeared in the yellow-green 
when the crystal was excited. Using violet 


light of equal intensity, stronger excitation was 
obtained with the electrical vector parallel to 
the c-axis than when in the ab-plane in spite 
of the greater absorption in the latter case. 
The “clearing up” effect of the yellow-green 
light is found only when the electrical vector 
lies in the ab-plane. 

With tetrachloro-1(2)-naphthalenone it can 
be seen that the phototropic colour change is 
most pronounced along the axis which lies 
parallel to the edges of the prism faces. Light 
shining in any direction may bring about the 
phototropic change, but white light is most 
effective in promoting the phototropic change 
when it shines in the ab-plane and not along 
the c-axis. This behaviour can be explained 
by the fact that the wavelengths of light which 
are absorbed by the phototropically induced 
absorption band have the effect of causing this 
absorption band to disappear®®. In addition, 
the crystals are pleochroic. 

Pleochroism is exhibited by anils*, succinic 
anhydrides**:!7°, hydrazones'®°, osazones*®® and 
tetrachloro-1(2)-naphthalenone?. The colour 
change in some of these crystals is not uniform 
throughout the crystal but takes place only 
where the light impinges on the crystal*1#°. 
Observations have shown that the colour 
change in the anils'®, the succinic anhydrides*, 
and tetrachloro-1(2)-naphthalenone®® is not ac- 
companied by distortion of the crystal. 

If a phototropic substance is coloured by 
exposure to light and then dissolved, the 
colour disappears immediately and the resulting 
solution appears to be identical with that of 
the original compound which had not been 
exposed. Such solutions are non-photo- 
tropic?:?.21,181, 

4.2 Reversing radiation 


This type of radiation refers to that needed 
to revert the excited phototropic substance 
back to the original or stable form. This 
opposing action of light of different wavelengths 
upon phototropic substances was discovered 
by Stobbe** 7° in his study of the succinic 
anhydrides. This general phenomenon is that 
light absorbed by the light induced absorption 
band of the phototropic substance has the 
tendency to reverse the action of the exciting 
light and thus cause the absorption band to 
disappear. 

White light is reported to have a reversing 


- 
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action of the following classes of compounds: 
anils®*:16.177, succinic anhydrides?***, stilbene 
derivatives*, and tetrachloro-1(2)naphthale- 


_none®*, Whether the hydrazones and osazones 


show this effect is somewhat doubtful?® 3, 
Some quantitative data on the effect of reversing 
radiation on the anils®*:!76177 and tetrachloro- 


-- 1(2)-naphthalenone*® are available. The speed 


of the reverse change varies greatly from one 
compound to another and not enough quan- 
titative data are available to draw conclusions 
even within a given class of compounds. 

The reversing radiation for phototropic pro- 
cesses is of the same or longer wavelength 
than the radiation which originally excited the 
phototropic change. In most cases the maxi- 
mum wavelength of the reversing radiation is 
of longer wavelength than the radiation which 
exerts the maximum exciting effect*:53.138.175, 
However, only careful studies of individual 
crystals such as those by Weigert®® and by 
Clark and Lothian™ could give accurate data 
on this question. 


4.3. Influence of surrounding atmosphere on 
phototropy 


Not much can be said about the influence of 
a surrounding atmosphere on phototropism 
for the observations reported in the literature 
are often conflicting. However, the following 
phototropic processes in the solid state have 
been described as dependent upon the atmo- 
sphere surrounding the solid. 

(1) Hexanitrodiphenylamine 
oxygen-containing atmosphere to 
phototropy?®. 

(2) Sodium 4,4’-diacetamido-2,2’-stilbene- 
disulphonic acid exhibits phototropy only in an 
atmosphere of oxygen; Stobbe and Mallison°* 
suggest that the phototropic substance cata- 
lyses the conversion of some of the oxygen 
to ozone. 

(3) Tetrachloro-1(2)-naphthalenone and the 
osazones have been tested for phototropism in 
vacuum, in air, in oxygen, in hydrogen, and 
in carbon dioxide. All of the compounds tested 
were found to be phototropic under the 
different conditions. With the osazones, photo- 
tropy was slightly inhibited by an oxygen 
atmosphere?. 

(4) Certain anils, succinic anhydrides and 
hydrazones are reported to be phototropic in 


requires an 
exhibit 


air, oxygen, hydrogen and carbon dioxide but 
not in a vacuum’. The presence or absence of 
moisture in the surrounding atmosphere seems 
to have very little effect upon the phototropy 
of these and certain other substances*®?. 

(5) Oxygen is said to be necessary for a 
reversible colour change of methylene blue in 
a gelatin film. In the absence of oxygen the 
bleaching is more rapid than in an oxygen 
atmosphere but the colour will not return in 
the dark1®, 

(6) According to a number of authors, litho- 
pone shows phototropism only when exposed 
to light in the presence of moisture; it requires 
the presence of oxygen in order to undergo 
the reverse change in the dark®11:140,143, 
Ammonia, formaldehyde, lead acetate, and 
other reducing agents have been reported to 


increase the light sensitiveness of litho- 
PONE. >:2 4048s) 


4.4 Mixtures 


4.4.1 Organic mixtures 


Padoa* tested mixtures of a phototropic sub- 
stance and a non-phototropic substance in 
solid solutions. He found that benzalphenyl- 
hydrazone (phototropic) with a little diazo- 
aminobenzene (non-phototropic) is phototropic; 
for example, solid solutions of the hydrazone 
containing 1.6 per cent diazoaminobenzene 
were phototropic while a 5 per cent diazo- 
aminobenzene concentration was non-photo- 
tropic. Anisylidene-benzylamine (non-photo- 
tropic) in a concentration of 1% in anisal- 
phenylhydrazone (phototropic) is phototropic. 
In the cases studied by Padoa, it was found 
that mixed crystals show the same phenomenon 
on prolonged exposure to light as the pure 
hydrazone, that is, the system becomes colour- 
less and is no longer affected by light. In 
addition, the adulterant causes the dark change 
to take place more rapidly than with the pure 
hydrazone. 


4.4.2. Amorphous mixtures 


Stobbe® reported the phototropic behaviour of 
anils, succinic anhydrides, hydrazone, osazones 
and stilbenes mixed with various resins. 
Phototropic behaviour was often observed de- 
pending on whether the mixture was prepared 
by warming the constituents together or by 


20 


Reviews of Pure and Applied Chemistry 


AO Vane a sm a ee 


precipitating them from solution. In some 
cases reverse phototropism was observed as 
with benzalphenylhydrazone in “metastyrol” 
where the effect of light was to cause the colour 
of the dark stable modification to fade. There 
seems to be no general method of predicting 
whether a mixture will be phototropic, even 
though one of the components of the mixture 
is phototropic. In some~systems in which 
phototropy was exhibited by the mixture there 
was clearly some crystallization of the photo- 
tropic substance. 

Cotton, silk and wool were stained with 
anils and succinic anhydrides by Stobbe***. 
These stained fabrics are phototropic but their 
colour reaction to-light is not as strong as that 
of the pure substances. Stearns’®° reported the 
phototropic behaviour of Calcocid Milling 
Yellow O on wool, Calcosol Yellow G on 
cotton and Calcodur Yellow 4GI on nylon. 


4.5 Fatigue 


It can be generally stated that solids exhibiting 
phototropism show fatigue. The readiness 
with which phototropic substances fatigue 
varies markedly. Anils!*+, benzalphenylhydra- 
zone, and some of succinic anhydrides*3*°* 
are reported to fatigue very quickly; lithopone® 
and Hgl,:2HgS!*° are supposed to show 
fatigue. The anils fatigue to a darker modifica- 
tion; the other substances fatigue to a modifica- 
tion as light. in colour, or lighter than the 
original dark, stable form. The excited colour 
of the compound slowly deteriorates with con- 
tinued exposure and finally the colour fades 
until it is even less pronounced than the colour 
of the original dark form. In contrast, salicyli- 
dene-m-toluidine retains its photoreactive pro- 
perties unimpaired after a month’. 

Some substances evidently undergo a pro- 
nounced chemical change in the fatigue process, 
e.g., diphenylsuccinic anhydride and triphenyl- 
succinic anhydride*.#*.°*. Other substances may 
fatigue readily and yet not suffer any measur- 
able chemical change, e.g., benzalphenylhydra- 
zone''. Benzalphenylhydrazone loses its photo- 
tropic property on long exposure to exciting 
radiation and if the crystals are broken in a 
mortar, the sample regains its phototropic pro- 
perties'®'. The complex formed by the re- 
action between a fluorescent pigment and al- 
bumin degenerates with repeated exposure, 


4.6 Influence of temperature on the 
phototropic process 


The concern of this section is limited to the 
influence of temperature on the phototropic 
process and no effort is made to discuss the 
phenomenon of thermotropy. In the photo- 
tropic change the temperature influence can be 
manifested in two distinct ways: it causes a 
change in the phototropic material so that the 
radiation that induces the phototropic change 
is of ‘a’ different wavelength than that affecting 
the non-heated sample; and it influences the 
rates at which the light-induced phototropism 
and the reverse change take place. 

Colour changes with temperature are shown 
both by inorganic compounds!?® and organic 
compounds (see also ref. 18, 19, 21, 23, 24, 
38, 63, 183-187). It can be said generally 
that an increase in temperature causes a shift 
of the excitation energy to longer wavelengths 
and vice versa. Some compounds are known 
that show phototropy only at low temperatures. 
For example, salicylidene-p-anisidine and 2- 
hydroxy-3-methoxybenzylidene-p-xylidine show 
phototropy only at —20°C®”, Another ex- 
ample is that of a-anisyl-y,y’-diphenylsuccinic 
anhydride which is completely excited by light 
of a wavelength longer than 297 my when it is 
above 22°C, while below —35°C, under the 
same conditions of illumination, it is not ex- 
cited by light whose wavelength is greater than 
297 mu®s. Stobbe***3 has collected similar in- 
formation on other succinic anhydrides, hydra- 
zones and stilbene derivatives. 

Padoa and his co-workers1*6-177,180,188,189 
have studied the influence of temperature on 
the rates with which phototropic substances 
change their colour. Their method of study 
was to prepare for each phototropic substance 
two different colour standards which correspond 
to two different colours exhibited by the com- 
pound at different stages of excitation. The 
time required for each mixture to reach a 
definite colour when the illumination was con- 
stant was determined at different temperatures. 
In other words, when defined in terms of time 
at constant illumination, the temperature co- 
efficient represents the time required for a 
definite colour change divided by the time 
required for the same colour change after the 
temperature of the substance has been raised 
10°C. Table 7 contains a summary of some 
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of the work by Padoa and his co-workers. 
Unless otherwise specified, white light was 
used for the study. When filtered light is used 
the temperature coefficient varies with wave- 
length as predicted by Trautz!®°. 

Padoa et al'** found that the transformations 
of solid salicylidene-8-naphthylamine and of 
benzalphenylhydrazone in light follow first- 
order kinetics and that the thermal reverse 
process is second-order. As one can see from 
Table 7 the temperature coefficients for many 
phototropic changes are of the order exhibited 
by photochemical reactions. 


tion of Hg(HS)CNS is unaffected by tempera- 
ture while Hg(DCNS has a temperature co- 
efficient of 1.05 at 40° to 50°C and 1.2 from 
50° to 60°C. The reverse or dark reactions 
for both compounds have temperature coeffi- 
cients of approximately 2. Rao and Watson 
questioned whether or not their experimental 
procedures were correct since they reasoned 
the dark reactions should have a temperature 
coefficient of about 1 which is characteristic 
of a purely photochemical reaction. Since the 
compounds under study were difficult to pre- 
pare the presence of impurities and their in- 


Table 7 TEMPERATURE COEFFICIENTS OF PHOTOTROPIC REACTIONS 


Substance 


Benzalphenylhydrazone 
NO LDERC SY eG Bats EA ont ae ne Se een 
(SAU TRS:. TURPIN se, met» 8 ky ies ae gee 
violet light 
Benzil-o-tolylosazone 
white light 
isis WES oo eae ee ee 
Diacetamidostilbenedisulphonic acid 2... ..... 
Bipeit-o-tOlylosaZOnereettaess A Get on dae. clas 
Salicylidene-B-naphthylamine 20 00 
Triphenylsuccinic anhydride 
Iplire mip Gee werner ree. oe tl. cae 
PLCCTIEN ISL) Le enn ram EN cen. sacs 
VcllowWabic tate eee. terre Die oe nny gh Se 
eal NAM noe Ges gaze Pes eee eee eee 


The objection to Padoa’s technique for de- 
termining the temperature coefficient is that 
while the phototropic substance is being ex- 
cited by light, the dark reaction is also going 
on thereby retarding the light reaction. In ad- 
dition, a decrease in temperature slows up the 
dark reaction much more than it does the 
light reaction; therefore, the retarding influence 
of the dark reaction is relatively decreased. 
The experimental results for the temperature 
coefficient would therefore appear to be smaller 
than they actually are. From a practical point 
of view, this objection is of little importance 
since the absolute rate of the light reaction is 
usually much greater, even at ordinary tem- 
peratures, than the rate of the dark reaction. 

The compounds Hg(HS)CNS and Hg(I)CNS 
were studied by Rao and Watson!”? for in- 
fluence of temperature on the phototropic 
phenomenon. The velocity of the transforma- 


Reaction Reaction 

in in Reference 

dark light 

ea 1.07 38, 188, 189 
1.08 (EHF 
1.04 a 
1.05 Wig 
2, Vay 

1.65 Lai 176 

2.0 1.06 189 

2.0 1.47 188 
1.29 live 
1.67 7G 

0.89 rg, 

1.08 a4 


fluence on the phototropic processes cannot be 
neglected. However, their value for the dark 
reaction compares favourably with those of 
Padoa et al for piperil-o-tolylosazone. More 
studies are needed in this area of the photo- 
tropic phenomenon. 

Tanaka''® has reported that calcium titanate 
can be converted from its violet colour (excited 
form) to white by heating to about 220°C. 
However, MacNevin and Ogle!'® reported that 
the violet colour was retained until a tempera- 
ture between 360° and 400°C was reached. 
For barium titanate the colour disappeared 
between 220° and 270°C. These same authors 
reported that when the samples were heated 
during exposure to ultraviolet light a tem- 
perature between 480° and 610°C was needed 
to prevent entirely the development of colour 
in both calcium and barium titanate. 

Another way to assess the effect of tem- 
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perature on the phototropic process is to con- 
sider the increase in intensity of light required 
to hold a phototropic substance to a given 
colour while the temperature is raised**:'%°. 
Salicylidene-8-naphthylamine requires an in- 
crease in light intensity of 40 per cent for each 
increase of 10°C in temperature, while benzal- 
phenylhydrazone requires the light intensity to 
be increased 70 per cent for each 10°C1*°. 

Since the speed of the dark reaction increases 
much more rapidly with temperature than that 
of the light reaction, there should be a tem- 
perature at which the dark reaction becomes 
so rapid that observable phototropic change 
does not occur. In other words, the energy 
required to maintain even the slightest colour 
change in a phototropic substance becomes 
enormously great. Senier and his co-workers 
have studied this property in some of the 
phototropic anils. Data from their work are 
summarized in Table 8. Similar data on cer- 
tain succinic anhydrides, hydrazones, osazones 
and stilbenes have been collected by Stobbe 
and his co-workers?:?%53, 


states of a phototropic substance but quan- 
titative data are lacking. Questions that arise 
concerning the difference in energy content of 
the normal and excited form are (1) how much 
more energy is possessed by the excited than 
the normal form of the substance and (2) in 
what form is the energy released when the 
excited state decays? The information sum- 
marized below appears to be the only infor- 
mation available on energy relationships. 


4.7.1 Heats of combustion 


The data on heats of combustion are sum- 
marized in Table 9. The differences in the 
heats of combustion are so small that it is 
doubtful if they are larger than the experi- 
mental error of the determinations. Further 
experiments, using modern calorimetric 
methods, are desirable. 

Two rather interesting reports of change in 
melting point with phototropic change have 
been reported!®*. Benzal-o-tolyhydrazone was 
reported as having a melting point of 100°- 
102°C for the stable form and 80°-83°C for 


Table 8 TEMPERATURE EFFECTS OF PHOTOTROPY IN ANILS” 


Anil 
Disalicylidene-m-phenylenediamine (needles) 
Disalicylidene-m-phenylenediamine (plates) 


2-Hydroxy-3-methoxybenzilidene-1,2,5-xylidene 
Salicylidene-p-aminobenzoic acid wi. ce ce cece case en 
Salicylidene aniline canes. eet eek mene eee 
Salicylidene-osanisidines.omn «eyes saan eee eee 
Salieyiidene-o-bromoantlines .. —.u-cen act ee 
Salicyudene>p-bromoaniline a..qo aeeeeees nee 
Salicylidene-o-chloroamiline 0. co, cee cee cnn cee eee 


Salicylidene-6-naphthylamine 
Salicylidene-m-toluidene ...... ... 
Salicylidene-1,3,4-xylidine 


Brickwedde?*® found, in contrast to the be- 
haviour of organic compounds, that the rate 
of darkening of zinc sulphide is not greatly 
affected by increasing temperature. 

Apparently no effort has been made to 
correlate the critical temperature at which 
phototropism ceases with any other properties 
of phototropic substances. 


4.7 Energy differences between normal and 
excited states 

It is believed by some investigators that there 

is a difference in the energy content of the 

normal (in dark environment) and the excited 


Higher temperature limit, °C 


See ee wie 
re 30 
es: Between room temperature and —20 


Approx. 20 

50.5 (melting point) 

30 

65 

48 
82-83 (melting point) 
Between 110 and 126 
39.5 (melting point) 


oar 76 (melting point) 


the excited form. Benzal-p-tolyhydrazone is 
reported to change in melting point from 
114°C in the stable form to 101°C in the 
excited form. 


4.7.2 Exposure of photographic plate 


Some investigators, e.g., Gallagher!®?, have re- 
ported that they could observe energy released 
from the excited form as it decayed to the 
dark form by allowing the “radiant energy” 
from the excited form to impinge on a photo- 
graphic plate. Their findings are not very 
convincing, and the observations are more 
characteristic of the Russell effect ?®+ 198 ea) 
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though chemical fogging cannot be ruled out. 

Zanella’®’ observed fogging of a photo- 
graphic plate by both the stable and the ex- 
cited forms of benzalphenylhydrazone; Venka- 
taramaiah and Janakiram!®* made similar ob- 
servations on Hgl»:2HgS, Hg(I)CNS and 
Hg(HS)CNS, and both sets of results seem to 


~ be clear examples of the Russell effect. The 


succinic anhydrides** and cinnamaldehyde 
semicarbazone*® did not produce an image on 
a photographic plate. Stilbene derivatives 
chemically fog a photographic plate but gave 
no evidence of emitting light. 


4.9 Photoelectric effect 


There have been only a few studies on the 
photoelectric effect as related to phototro- 
pism?7°.193,201,202 and no real agreement as to 
a possible relation between these phenomena 
has yet been reached. 


4.10 Kinetics in solids 


The transformation of the excited form of 
salicylidene-8-naphthylamine to the stable form 
was shown by Padoa and Minganti!®* to be 
a second-order reaction. For benzalphenyl- 


Table 9 HEATS OF COMBUSTION OF PHOTOTROPIC SUBSTANCES 


Heat of combustion 


Substances Normal Excited Difference Reference 
cal/g cal/g 
BenzalphenylhiivydrazoOne ...2 Gece des bak 8668.8 8669.1 0.3 191 
Salicylidene-8-naphthylamine ... .... ..... 8291.5 8294.4 2.9 191 
Triphenylsuccinic anhydride +. Wu. ..... 7810.4 7816.9 6.5 3 


4.8 Magnetic susceptibility 


Bhatnagar er al°1°° carried out magnetic sus- 
ceptibility studies on both the stable and ex- 
cited forms of certain anils and hydrazones 
and found that neither of the forms showed 
paramagnetism, and a similar conclusion was 
reached by Singh and Datt® in respect to a 
large number of phototropic substances. 

p-Dimethylaminophenyliminocamphor and 
p-diethylaminophenyliminocamphor are dia- 
magnetic when they are first prepared but be- 
come paramagnetic after exposure to light. 
Singh and Datt® attribute this change either 
to polymerization or to formation of free 
radicals, more probably the latter. 

The magnetic susceptibility of tetrachloro- 
1-(2 or 4)-naphthalenone has been studied?°° 
and found to have a value of —5.1 « 10° 
after 20 minutes exposure to light as compared 
to a limiting value in the dark of —135 x 
10°. The phototropism of this compound was 
attributed to the formation of free radicals or 
to triplet states. 

When HglI, and HgS are heated together 
they form a system whose composition has 
been defined as Hgl2.°2HgS. This system is 
yellow in the stable form but black in the 
excited form. It has been reported by Takei'®’ 
that the excited form of this system is para- 
magnetic whereas the original mixture of the 
two compounds before heating is diamagnetic. 


hydrazone the dark reaction was also second- 


order and the light reaction first-order. An 
light 


equilibrium of the kind Az = 2A was pro- 


dark 
posed. The dark reaction for salicylidene-m- 
toluidine has been described as first-order!”® 
and the activation energy is reported as 25 
kcal mole?. 

Takei*°? made measurements on the velocity 
of the phototropic reaction of Hgl,:2HgS and 
that of the reverse reaction promoted by heat. 
The phototropic reaction at low temperatures 
is unimolecular and the velocity constant is 
nearly the same at —50° and 5°C indicating 
that the reaction is purely photochemical. At 
higher temperatures, owing to the reverse re- 
action, the apparent velocity constant de- 
creases. The velocity constant of the reverse 
reaction varies linearly with 1/T at tempera- 
tures above 50°C. The energy of activation 
was calculated as 12.8 kcal mole? at 26° 
and 36°C, the observed values deviating from 
linearity possibly owing to catalysis by oxygen. 


4.11 


Few data are available on quantum yields of 
phototropic processes. On the assumption that 
more than 2% conversion of salicylidene-m- 
toluidine takes place on irradiation with 365 
my radiation, the quantum yield is higher than 
1178; if conversion is complete the yield is of 


Other important measurements 
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the order of 100. Clark and Lothian’ could 
not determine the quantum efficiency in the 
phototropic behaviour of  2-(2,,4-dinitro- 
benzyl)pyridine but did determine Of (where 
Q = quantum efficiency and f = oscillator 
strength of the induced absorption band). 
Along the @-direction of the crystal OF 05 
and along the y-direction Of S 0.10. 

Takei!?® has reported the electrical conduc- 
tivity of HgX-2HgS (where X = Cl, Br, 1) 
to be about 107?°ohm™'cm™ at 50°C and 
10“ohm'cm™ at 150°C. The conductance is 
in the order CI<Br<I. The heat of activation 
of HgX2°2HgS is 32, 23 and 22 kcal mole” 
for Cl, Br and I, respectively’”®. 

The calculated énthalpy increase from the 
dark to the excited form of salicylidene-m- 
toluidine corresponds to not more than 5% 
of the absorbed energy!"*. 

The electron spin resonance (ESR) of 
several phototropic solids has been measured 
by Gutowsky, Rutlage and Hunsberger?**. 
The only compound showing any ESR ab- 
sorption was N-(3-pyridyl)syndone and it is 
doubtful if the ESR absorption is really due 
to the particles which account for the photo- 
tropism. The absorption peak is a simple bell- 
shaped curve with no resolvable hyperfine 
structure. 

Hayashi, Maeda, Shida and Nakada?°° 
measured the ESR on a substance prepared 
from the oxidation of 2,4,5-triphenylimidazole 
with potassium ferricyanide. The structure of 
this substance, which is phototropic, has not 
yet been established. The ESR absorption was 
measured on the first derivative curve and gave 
a single peak with no structure; the compound 
showed ESR absorption in both the solid state 
and in solution. The spin concentration of a 
0.1% solution in benzene was about 10'S spin 
cc’ immediately after irradiation by direct 
sunlight. The rate of decay was found to be 
first-order. The activation energy between 
15° and 60°C is reported as 14 kcal mole 
and the AH of the reaction as —5 kcal mole?. 


5 EXPLANATIONS OF THE 
PHOTOTROPIC PHENOMENON IN 
SOLIDS 


There is no one explanation which will account 
for the mechanism involved in all phototropic 


changes. In the descriptions which follow an 
effort has been made to summarize those 
explanations which have been well established 
or seem to be feasible in light of the evidence 
available. The discussion will be divided into 
consideration of inorganic and organic com- 
pounds. 


5.1 Inorganic compounds 
5.1.1 Alkaline earth metals 


MacNevin and Ogle!'® reported that the occur- 
rence of phototropy in barium and calcium 
titanate is dependent upon the octahedral 
structure of these compounds, and also that 
an-impurity such jas Pe®*, Zn?*t.V"" gece 
Sb’* must be present. They found that the 
phototropic effect increases with the amount of 
impurity. Magnesium titanate, which has the 
cubic close-packed structure, does not show 
phototropism, even in the presence of im- 
purities. Thus MacNevin and Ogle attribute 
the presence or the lack of phototropism to 
the geometry of the structure. 


5.1.2  Copper(1) halides 
Hecht and Miller’*’ concluded that the photo- 
tropy of copper(I) chloride was due to dis- 


proportionation, and that the metallic copper 
so formed was present in an unstable form: 


2 Cut + hy = Cu® + Cu 


5.1.3. Lithium imide 

Dafert' and Miklauz!*' proposed that the 
mechanism of the phototropic change in 
lithium imide could be represented as follows: 


light 


2 Li.NH = LisN + LiNHp. 


dark 
Lithium nitride is brown and is known to 
react with lithium amide as indicated by the 
dark reaction. 


5.1.4 Lithopone 


Cawley"! suggested that blackening in lithopone 
was due to the formation of metallic zinc as 
follows: 


ZnS + 2ZnO > 3Zn + SO, 
ZnS + ZnSO, > 2Zn + 2SO, 


Evidence to support Cawley’s view is found 
in the observation by a number of wor- 


a. 


Brown and Shaw — Phototropism 


2D 


a 


kers®:188-140.142,143 that oxygen is needed for the 
bleaching of the blackened lithopone. Brick- 
wedde'** suggested that the zinc sulphide in 
lithopone was converted into metallic zinc and 
hydrogen sulphide by the action of light-in the 
presence of moisture, while Lenard’? con- 
sidered that the zinc sulphide in lithopone was 
converted into zinc and sulphur by action of 
the light. It is obvious that there is, as yet, 
no satisfactory explanation for the pheno- 
menon of phototropy in lithopone. It is doubt- 
ful if “lithopone” as marketed today exhibits 
phototropism. 


5.1.5 Mercury compounds 


It has been proposed'*® that the mixture of 
silver iodide and mercury(I) iodide formed by 
toning a silver photographic plate with mer- 
cury(II) iodide undergoes the following re- 
action: 


light 

Hgl + Agl = Hgl. + Ag 
dark 

green yellow red black 


Rao et al*°® suggested that dithiotrimercury 
(II) salts of the general formula 2HgS:HgX>» 
are dissociated by light forming black HgS 
and HgX», (where X = anion of a monobasic 
Memaipasic: acid).” Taker? 12¢.128,187,208,207 has 
made an extensive study of the system 
2HgS‘Hgls. This system is dark violet and, 
if heated at 170°C, it becomes yellow and 
phototropy appears. In his first paper?®’, 
Takei proposed that the black powder formed 
by the action of light on 2HgS-Hgle is not a 
mixture of Hgl» and HgS since the mixture 
is diamagnetic whereas the  phototropic 
2HgS:HglI»2 on exposure to sunlight becomes 
paramagnetic. Furthermore, X-ray studies'*® 
showed no difference in crystal structure be- 
tween the dark and excited forms. 

Microscopic observation of a single crystal 
of 2HgS Hgls after excitation showed many 
black spots which Takei attributed to colloidal 
mercury!*!. Heat accelerates the return from 
the activated to the stable (yellow) form of 
the complex and this has been explained by 
Takei as due to the vaporization of the mer- 
cury at elevated temperatures. Also, Takei 
suggests that the neutral atoms, sulphur and 
iodine, remain behind as the mercury vaporizes 
and reach the surface by thermal diffusion. 


He proposes further that some of these atoms 
combine with mercury to form HgS and Hgl 
while others in the presence of air and moisture 
form sulphate, sulphite and iodide ions!*°. 

Takei has extended this study of mercury 
compounds to include Hg(X)CNS (where X == 
halogen) and has explained the phototropy as 
due to the decomposition of these complexes 
into colloidal mercury?°’. The magnetic sus- 
ceptibility of these compourds does not return 
to the original value after passing through the 
phototropic cycle. Takei explains this by sup- 
posing that the Hg(X)CNS decomposes into 
its components with the simultaneous forma- 
tion of a positive hole in the crystal when an 
electron belonging to the molecule is raised 
to the conduction band. 


5.1.6 Rutile and synthetic titanium dioxide 


Weyl and Forland'®® concluded that when 
light strikes an impurity ion, for example 
Fe*+, in a titanium dioxide lattice, an electron 
from the foreign ion is excited and either 
moves into an oxygen vacancy of the defective 
rutile structure thus producing an Fe*t ion 
or attaches itself to a Titt ion to give coloured 
Ti®+. For low concentration of iron these 
investigators assumed that the electron transfer 
iseirom: Fe’ toy Lie “ee. 

Recently McTaggart and Bear'*® prepared 
pure TiO. from the vapour-phase oxidation of 
TiCl, which showed no phototropic effects. 
Starting with anatase in the presence of Fe**, 
they found that the colour change bore an 
inverse relationship to the percentage of rutile 
present. McTaggart and Bear propose that the 
phototropic properties of titanium dioxide can 
be explained as follows. The impurity in 
rutile is at the surface and the nature of the 
bonding is such that the stable form is a 
reduced form of the impurity. An oxygen- 
containing atmosphere is necessary for the 
phototropic process to take place. On ces- 
sation of irradiation the higher valence form of 
the ion reverts to the lower form. Rapid re- 
versal of colour obtained when irradiated 
samples are heated to a relatively low tem- 
perature may be the result of activation in 
which the change of valence is accelerated. 
The presence of water plays a decisive part 
in the process. 

McTaggart and Bear suggested that if their 
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mechanism to explain phototropy of titanium 
oxide is correct, then other host oxides be- 
sides TiO. would show phototropism. They 
studied437 a number of white oxides (Nb2Os, 
Al.Os, ZnO, HfOz, ThOs, SnOsz, Ta.Os, Z1Ozo, 
BeO, GeOs, SiOz, and MgO) which were con- 
taminated with oxides of metals such as iron, 
chromium and manganese. In general, they 
found the phototropic colour change to be 
from off-white (stable) to pale grey (excited). 


5.2 Organic compounds 


It would appear that most phototropic pro- 
cesses in organic compounds are due to meso- 
merism, isomerism, free radical formation or 
molecular aggregations. These ideas are out- 
lined below. 


4 


O 
I 
CH ( 
> 
N 


(7) 


5.2.1 Anils 


Senier and Shepheard!** and Senier, Shepheard 
and Clarke! proposed that the colour change 
in anils was due to a change in aggregation. 
They reasoned that whatever the change, it 
involved a small energy difference because of 
the ease with which it took place. By crystal- 
lization from concentrated solutions, they pre- 
pared a red modification of salicylidene-@- 
naphthylamine which appeared to be identical 
with the phototropic form prepared by light®°. 
Magnetic susceptibility data by Bhatnagar and 
Kapur!”® support this interpretation. Also, de 
Gaouck and Le Fevre?> concluded that the 
phototropic mechanism of anils consisted of 
a mutual interaction of molecules in the lattice 


N 
| Me 


and not in some rearrangement undergone by 
the molecules. de Gaouck and Le Fevre pro- 
posed the structural relationships (7) and (8) 
to explain the phototropy of solid salicylidene- 
m-toluidine. The proposed crystal lattice ar- 
ranged as below has the hydroxyl hydrogen 
of one molecule near the nitrogen atom of 
another. The authors explain that the solid 
then is a hybrid between forms (7) and (8) in 
which the formulae represented here are 
images. in parallel planes, one over the other. 
Form (7) represents the stable form of the 
anil and form (8) represents the ortho-quinoid 
structure which is red or yellow, depending on 
the anil. The authors report the heat of 
formation of the covalent links in form (8) is 
15 kcal mole™+ greater than in form (7). 


de Gaouck and Le Fevre suggested that if 
their structure for salicylidene-m-toluidine is 
correct then substituents added to the molecule 
which aiter the hydrogen bond resonance 
would affect phototropic behaviour; ortho- and 
para-hydroxyanils should lose their phototro- 
pism if the hydroxylic hydrogen is blocked by 
methylation. In a study of substituted com- 
pounds of the general structure (9), if X is 
any group other than hydrogen the compounds 
are always non-phototropic regardless of the 
nature of Y. If X is hydrogen and the ring 
containing Y is m-toluidine, aniline or p- 
bromoaniline, phototropism is present in the 
anil. de Gaouck and Le Fevre concluded 
that no substituent should be present in the 
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molecule which reduces the electron density 
on the nitrogen atom. 


(9) 


Recently Lindemann?’*® has supported the 
hydrogen-bonding interpretation of photo- 
tropic phenomenon of anils. He attributes the 
colour change to the conversion of the intra- 
molecular hydrogen bonds between the OH 
and —-CH=N— groups in the yellow form 
of salicylidene-m-toluidine into intermolecular 
hydrogen bonds between adjacent molecules 
to give the orange-red form. 


5.2.2 Fluorescent pigments with, certain 
proteins 


Certain fluorescent pigments react with —SH 
compounds to give products that are photo- 
tropic'**. Fujimori attributes the phototropic 
process to the photochemical formation of 
pigment free radicals and RS: free radicals. 

5.2.3. Isonicotinic acid hydrazide derivatives 
Mattu, Pirisi and Manca**® found that o-nitro- 
benzylideneisonicotinic acid hydrazide is pale 
gold-yellow in the stable form but is excited 
on exposure to sunlight to a red colour, and 


ae N- wot \ 
light 


O dark 


OZ 


St N- wok 
| 


N-OH 


Figure 10 Colour changes in o-nitrobenzylidene- 
isonicotinic acid hydrazide 


on prolonged exposure, to a ruby red, and 
finally to a red-brown colouration. These 
authors reasoned that the colour change was 
one of equilibrium between the forms (Fig. 


10). 


Ultraviolet light shifts the equilibrium to the - 
right while infrared of heat shifts the equi- 
librium to the left. They found that the iso- 
merization Proceesis without change of crystal 
form. , 


5.2.4 Mechanism of phototropic change in 
crystals of 2-(2',4'-dinitrobenzyl)pyridine 


Clark and Lothian” support the proposal of 
Chitschibabin, Kuindshi and Benewolenskaja?® 
as an explanation of the phototropy of 2- 
(2’,4’-dinitrobenzyl)pyridine. The phototropy is 
supposed to be due to tautomeric change of 
the type shown (Fig. 11), and the evidence 
may be summarized as follows: 

(1) The induced absorption band of the 


N 
Cites 7 
O,N NO, eee 


Figure 11 Phototropism of 2-(2',4’-dinitrobenzyl)- 
pyridine 


excited form in the visible region arises from 
the conjugation throughout the molecule. 

(2) Equal bleaching rates of the induced 
absorptions measured with electric vectors 
along the @- and y-directions suggest that 
both bands arise from transitions from the 
same absorption system in the “coloured” 
molecules. 

(3) Bending of the CH2,—C—=N system 
could bring the hydrogen atom close enough 
to the N-atom for transfer to take place. 
Energy of such a bending vibration is likely 
to correspond to a thermal activation energy 
of 0.06 eV (v = 480 cm) found for the 
colouring process. 

(4) Phototropy in the solid state may be 
explained by the influence of the crystal lattice 
holding the molecule in a position where H 
and N atoms can approach closely enough for 
capture to occur, either imtra- or inter- 
molecularly. 

(5) Thermal bleaching consists of the re- 
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turn of the hydrogen atom to its parent atom 
over a potential barrier height of 0.83 eV. 

(6) The first-order nature of the return of 
hydrogen suggests intramolecular change. It 
is therefore likely that the colouring process 
is intramolecular. 

Clark and Lothian suggest that in solution 
or in the molten state 2-(2',4’-dinitrobenzyl)- 
pyridine did not show phototropy because the 
probability of the hydrogen jump is small 
due to the low energy required for rotation 
about the —-CH»— linkage. However, more 
recent data!?1!°l have shown that the com- 
pound is phototropic in certain solutions (see 
section 3.5). 


5.2.5  Quinol derivatives 


The phototropy of tetrachloro-1(4H)naphtha- 
lenone (10) is attributed to the formation of 
naphthoxy radicals (11) through loss of 
chlorine atoms®. This phototropic equilibrium 
is represented as follows: 


a5 


Cl light 
Cl dark or heat 


Cl el 
(10) 


Feichtemayr and Scheibe state that photodis- 
sociation is a general property of substituted 
quinols. The existence of the excited form 
(11) is shown by the photopolymerization of 
vinyl acetate induced by the chlorine atom 
or by the fading of a triphenylmethyl! solution. 
Marckwald! found that of the two crystalline 
modifications of tetrachloro-1(2)-naphthalenone 
only one was phototropic and that the photo- 
tropic change involved an increase in the 
pleochroism of the crystals. Weigert?!° sug- 
gested that the absorption of light by the 
crystal causes a distortion of the electronic 
orbits within the phototropic crystal and that 
this distortion results in an anomalous absorp- 
tion of light. In a latter paper, Weigert®® ex- 
tended this idea and proposed that the exciting 
radiation causes a widening in the distances 


between the atoms of a molecule until inter- 
molecuJir bonds are formed and the motions 
of the electrons affected by the “foreign” mole- 
cules causes the colour change. The absorp- 
tion of the yellow-green rays causes a breaking 
of these new bonds and a return to the original 
state. 


5.2.6 Semicarbazones 


Gheorghiu®?°*1.211-218 has explained the 
phototropy of semicarbazones as an effect of 
mesomerism and believes that the change is 
due to a displacement of z-electrons, which 
result in the formation of one or more polar 
structures. He interpreted the state of the 
coloured molecule as being an “intermediate 
state” resulting from the superposition of 
several limited structures. Further, Gheorghiu 
proposed that substituents in the benzene ring 
capable of resonance should favour photo- 
tropy, while non-resonating substituents tend 
to subdue it. The semicarbazone of 


“0: :O° 
| 
Cl Cl 
ao + Cle 
Cl Cl 
Cl 


(1) 


o-MeOCyHy,CH—=CMeCOMe is more photo- 
tropic than the semicarbazone of CsH;CH= 
CHCOMe, while that of p-iso-PrC;H,CH= 
CMeCOMe is almost insensitive to light. 


5.2.7 Stilbene derivatives 


Stobbe and Mallison** proposed that stilbene 
derivatives on exposure to light take up oxygen 
to form a coloured organic oxide which may 
be a peroxide, an ethylene oxide, or an amine 
oxide. The excited material is assumed to 
revert to the original stilbene compound with 
the liberation of ozone. Stobbe and Mallison 
also suggested that their conclusions were sup- 
ported by the results of Padoa and Zazzaroni!** 
who concluded from the rate of colour change 
for the stilbene derivatives that the reaction 
produced by light is bimolecular. 
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Succinic anhydrides 


Stobbe**!"° proposed that the succinic an. 
hydrides (“fulgides”) owed their colour change 
on exposure to light to the formation of some 
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kind of coloured stereoisomer. He showed that 
light did convert some succinic anhydrides to 
their stereoisomers; however, the reverse change 
in the dark does not appear to have been 
proved. ae 


6 REFERENCES 


Marckwald, W., Z. physik. Chem., 30, 140 
(1899). 

Couch, J. F., Am. J. Pharm., 94, 343 (1922). 
Stobbe, H., Ber. Verhandl. stiche Akad. Wiss. 
Leipsig, 74, 161 (1922); Chem. Abstr., 17, 
3020 (1923). 

Chalkley, L., Jr., Chem. Revs., 6, 217 (1929). 
Bhatnagar, S. S., Kapur, P. L., and Hashmi, 
M. S., J. Indian Chem. Soc., 15, 573 (1938); 
Chem. Abstr., 33, 3698 (1939). 

Van Overbeek, J., Botan. Rev., 5, 655 (1939). 
ter Meer, E., Ann., 181, 1 (1876). 

Phipson, T. L., Chem. News, 43, 283 (1881). 
Phipson, T. L., Chem. News, 44, 73 (1881). 
Orr, J. B., Chem. News, 44, 12 (1881). 
Cawley, J., Chem. News, 63, 88 (1891). 
Biltz, H., Ann., 305, 170 (1899). 

Biltz, H., Z. physik. Chem., 30, 527 (1899). 


Biltz, H., and Wienands, A., Ann., 308, 1 
(1899). 
Wislicenus, W., Ann., 277, 366 (footnote) 
(1893). 


Brewster, C. M., and Millam, L. H., J. Am. 
Chem. Soc., 55, 763 (1933). 

Brewster, C. M., J. Am. Chem. Soc., 46, 2463 
(1924). 

Senier, A., and Forster, R. B., J. Chem. Soc., 
105, 2462 (1914). 

Senier, A., Shepheard, F. G., and Clark, R., 
J. Chem. Soc., 101, 1950 (1912). 

Borsche, W., and Sell, F., Ber., 83, 78 (1950). 
Senier, A., and Shepheard, F. G., J. Chem. 
Soc., 95, 441 (1909). 
Gallagher, P., Bull. soc. 
(1921). 

Senier, A., and Gallagher, P., J. Chem. Soc., 
113, 28 (1918). 

Senier, A., and Clarke, R., J. Chem. Soc., 105, 
1917 (1914). 

des Gaouck,-V., and Le Févre, R. J. W., J. 
GhenimSO0clAay Gl939)): 

Bere, C. M., and Smiles, S., J. Chem. Soc., 125, 
2359 (1924). 

Child, R., and Smiles, S., J. Chem. Soc., 2696 


chim., [4] 29, 683 


(1926). 
Padoa, M., and Santi, L., Atti. accad. Lincei 
20, I, 196 (1911); Chem. Abstr., 5, 3809 
(1911). 


Graziani, F., Atti. accad. Lincei 19, II, 190 
(1910) > (Ghem., Abstz. 5, 27744911): 
Graziani, F., Atti. accad. Lincei 22, I, 623 
(1913); Chem. Abstr., 7, 3495 (1913). 


31. 


32. 


Sei 


34. 


35. 


26: 


Se 


38. 
3: 


40. 


41. 


42. 


43. 


44. 


45. 


46. 


47. 


48. 


49. 


50. 


51. 


Padoa, M., and Graziani, 
Lincei 18, II, 559 (1909); 
2453 (1910). 

Padoa, M., and Graziani, F., Atti. accad. Lincei 
18, II, 269 (1909); Chem. Abstr., 4, 2296 
(1910). 

Padoa, M., and Graziani, F., Atti. accad. Lincei 
19° 7, 489° (1910)3 Chem: Abstr. 4, 2453 


ES Attiamaccads 
Chem. Abstr., 4, 


(1910). 

Padoa, M., and Graziani, F., Atti. accad. Lincei 
19) 1193 SUSIE Chem: “Absirw 5.8 27m 
(1911). 

Padoa, M., Atti. accad. Lincei 18, I, 694 
(1909); Chem. Abstr., 4, 1739 (1910). 


Santi, L., Atti. accad. Lincei 20, II, 228 (1911); 
Chem. Abstr., 6, 83 (1912). 

Brown, G. H., and Shaw, W. G., J. Org. Chem., 
24, 132 (1959). 

Stobbe, H., Ann., 359, 1 (1908). 

Gheorghiu, C. V., and Matei, V., Bull. soc. 
chim., 6, 1324 (1939). 

Mate, V. Ann: ‘scizn univ. sassy i, 29,esly. 
(1943); Chem. Abstr., 42, 3743 (1948). 
Padoa, M., and Santi, L., Atti. accad. Lincei 
21 TI 192) (9) Chem. sAbstr, 6, 33272) 
(1912). 

Padoa, M., and Bovini, F., Atti. accad. Lincei 
aX Ib FA, TODDS “eines Alias, ©, SZ 
C912 er 

Padoa, M., and Santi, L., Atti. accad. Lincei 


20, 7, 675 (1911); Chem. Abstr., 5, 3404 
(1911). 
Padoa, M., and Santi, L., Atti. accad. Lincei 
19, II, 302 (1910); Chem. Abstr., 5, 277 
(1911). 


Wilson, F. J., Heilbron, I. M., and Sutherland, 
M. M., J. Chem. Soc., 105, 2892 (1914). 
Heilbron, I. M., Hudson, H. E., and Huish, 
iD, ML, dh Chem Soom 08, 2273) (A223). 
Williamson, W. O., Mineralog. Mag., 25, 513 
(1940); Chem. Abstr., 34, 5348 (1940). 
Gheorghiu, C. V., and Matei, V., Gazz. chim. 
ital., 73, 65 (1943); Chem. Abstr., 41, 27191 
(1947). 

Gheorghiu, C. V., and Arrventieu, B., Ann. 
sci. univ. Jassy 16, 536 (1931); Chem. Abstr., 
26, 4804 (1932). : 

Gheorghiu, C. V., and Arrventieu, B., Bull. soc. 
chim., 47, 195 (1930). 

Gheorghiu, C. V., Bull. soc. chim., [5] 1, 97 
(1934). 

Durst, G., Z. angew. Chem., 35, 709 (1922). 


\ 


Reviews of Pure and Applied Chemistry — 


tase ae a Ne PR ee nn Ns NR AD Bl a eS ee ee ee 


3% 


54, 
Ds 


56. 
=f 
58. 
598 
60. 
61. 


62. 
63. 


64. 


65. 


66. 
67. 
68. 
69. 
70. 


Tak 
LP 
ios 
74. 
Tie 
76. 
Hide 
Ss 
Uk 
80. 


81. 


82. 
83. 
84. 


85. 


Stobbe, H., and Mallison, H., Ber., 46, 1226 
(1913). 

Stobbe, H., Ann., 380, 1 (1911). 
Hanel, A. L., Naturwissenschaften, 
(1950). ; 
Endo, J., J. Chem. Soc. Japan, 65, 667 (1944); 
Chem. Abstr., 42, 1577 (1948). 

Senier, A., Chem. News, 106, 163 (1912). 
Stobbe, H., Chem. Ztg., 44, 340 (1920). 
Weigert, F., Z. Electrochem., 24, 222 (1918). 
Feichtmayr, ~F., ~and—Scheibe;) iG, 79 Z. 
Naturforsch., 13b, 51 (1958). 

Chaudé, O., and Rumpf, P., Compt. rend., 
236, 697 (1953). 

Masse, J. L., Compt. rend., 238, 1320 (1954). 
Mattu, F., Pirisi, R., and Manca, M. R., Ann. 
chim. (Rome), 42, 632 (1952). 

De Fazi, R., and Carbone, S., Gazz. chim. ital. 
78, 567 (1948); Chem. Abstr., 43, 2610 
(1949). 

Singh, M., and Datt, T. R., J. Indian Chem. 
Soc., 19, 130 (1942); Chem. Abstr., 37, 362 
(1943). 
Backer, 
(1936). 
de Carvalho, A. P., Ann. chim., [11] 4, 449 
(1935). 

de Carvalho, A. P., Compt. rend., 200, 60 
(1935). 

Cumming, W. M., and Steel, J. K., J. Chem. 
Soc., 123, 2464 (1923). 

Lsumaki,-L.. -and. Hatton, 'S., J. (Chem. Soc. 
Japan, 62, 1022 (1914); Chem. Abstr., 41, 
3095 (1947). 

von Halban, H., and Geigel, H., Z. physik. 
Chem., 96, 233 (1920). 

Stobbe, H., and Wilson, F. J., Ann., 374, 237 
(1910). 

Tien, J. M., and Hunsberger, I. M., Chemistry 
& Industry, 119 (1955). 

Tien, J. M., and Hunsberger, I. M., J. Am. 
Chem. Soc., 77, 6604 (1955). 

Clark, W. C. and Lothian, G. F.. 
Faraday Soc., 54, 1790 (1958). 
Nunn, A. J., and Schofield, K., J. Chem. Soc., 


DW hse esidit 


He J. eve (rave eChIM.. 55s) o> 


Trans. 


5839 @1952)). 
Von Mechel, L., and Stauffer, H., Helv. Chim. 
Acta., 24, 151 (1941). 


Singh, B. K., J. Am. Chem. Soc., 43, 333 
(1921). 

Singh, B. K., Quart. J. Indian Chem. Soc., 1, 
45 (1924); Chem. Abstr., 19, 935 (1925). 
Singh, B. K., and Bhaduri, B., Trans. Faraday 
SOG., 27, 478. (1931). 

Singh, B. K., and Singh, D., Proc. 7th Indian 
Sci. Cong., 75 (1921); Chem. Abstr., 17, 3135 
((HEDAY), 

Livingston, R., Porter, G., 
Nature, 173, 485 (1954). 
Livingston, R., and Ryan, V. A., J. Am. Chem. 
me, Ty PAG (all bys) 

Schmidt, J., and Lumpp, H., Ber., 41, 
(1908). 

Foresti, B., Atti. accad. Lincei 23, 270 (1914); 
Chem. Abstr., 9, 1474 (1915). 


and Windsor, M., 


4215 


116. 


i ef 


118. 


. Waibel, 


. Horowitz, M. G., and Klotz, I. M., J. Am. 


Chem. Soc., 77, 5011 (1955). 


. Lifschitz, J., and Joffé, C. L.,Ber., 52B, 1919 


(ENE. 


. Lifschitz, J., and Joffé, C. L., Z. physik. Chem., 


97, 426 (1921). 


. Joffé, C. L., Dissertation, Zurich, 1921; cited 


in reference 160. 


. Lifschitz, J., Ber., 58B, 2434 (1925). 


Holmes, E. O., J. Phy. Chem., 61, 434 (1957). 
Berman, E., Fox, R. E., and Thomson, F. D., 
J. Am. Chem. Soc., 81, 5605 (1959). 


. Hirshberg, Y., and Fischer, E., J. Chem. Soc., 


3129 (1954). 


. Hirshberg, Y., J. Am. Chem. Soc., 78, 2304 


(1956). 


. Holmes, E>-O., J. Am. Chem. Soc., 44, 1002 


(1922). 
Schlenk, W., and Herzenstein, A., Ber., 43, 
3541 (1910). 


. Kortiim, G., Theilacker, W., and Braun, V., 


Z. physik. Chem. (Frankfurt), 2, 179 (1954). 
Hirshberg, Y., Compt. rend., 231, 903 (1950). 
Hirshberg, Y., and Fischer, E., J. Chem. Soc., 
297 (1954). 


. Hardwick, R., Mosher, H. S., and Passailaigue, 


P., Trans. Faraday Soc., 56, 44 (1960). 
Mosher, H. S., Souers, C., and Hardwick, R., 
J. Chem. Phys., 32, 1888 (1960). 

H., Melliand Textilber., 36, 
(1955); Chem. Abstr., 49, 16437 (1955). 
Bartels, P., Z. physik. Chem. (Frankfurt) 
[N.F.], 9, 74 (1956). 

Fujimori, E., Bull. Chem. Soc. Japan, 28, 334 
CLOSS ie 

Stearns, E. I., J. Optical Soc. Amer., 32, 282 
(1942). 

Mourelo, J. R., Anales soc. espan. fis. quim., 
1, 346 (1903). 

Mourelo, J. R., Anales soc. espan. fis. quim., 
3, 40 (1905). 

Mourelo, J. R., Arch. sci. phys. nat., 25, 15 
(1906); Chem. Abstr., 2, 1788 (1908). 
Mourelo, J. R., Anales soc. espan. fis. quim., 
10, 231 (1913); Chem. Abstr., 7, 3445 (1913). 
Mourelo, J. R., Compt. rend., 158, 122 (1914). 
Mourelo, J. R., Compt. rend., 160, 174 (1915). 
Mourelo, J. R., Compt. rend., 161, 172 (1915). 
Mourelo, J. R., Anales soc. espan. fis. quim., 
15, 74 (1917); Chem. Abstr., 12, 456 (1918). 
Mourelo, J. R., Chem. News, 120, 289 (1920). 
Mourelo, J. R., Anales soc. espan. fis. quim., 


#2 Hi 


20, 139 (1922); Chem. Abstr., 16, 4127 
(1922). 
Mourelo, J. R., Anales soc. espan. fis. quim., 
20, 601 (1922); Chem. Abstr:, 17, 2084 
(1923). 
Mourelo, J. R., Anales soc. espan. fis. quim., 
28, 572 (1930); Chem. Abstr., 24, 4223 
(1930). 


MacNeven, W. M., and Ogle, P. R., J. Am. 
Chem. Soc., 76, 3846 (1954). 


- Tanaka, Y., Bull. Chem. Soc. Japan, 16, 455 


(1941). 


- Rao, B. S. V. R., and Watson, H. E., J. Phy. 


Chem., 32, 1354 (1928). 


. Takei, K., Bull. Chem. Soc. Japan, 28, 406 


(1955). ‘ 


. Venkataramaiah, Y., and Rao, B. S. V. R., 


J. Sci. Assoc. Maharajah’s Coll., 1, 41 (1923); 
Chem. Abstr., 18, 626 (1924). 
Venkataramaiah, Y., and Rao, B. S. V. R., 
Nature, 111, 775 (1923). 


. Dey, M. L., Nature, 112, 240 (1923). 
. Varahalu, T., Ram, A. J., and Ras, B. S. V. R., 


J. Sci. Assoc. Maharajah’s Coll., 1, 107 (1924); 
Chem. Abstr., 18, 3549 (1924); and 19, 2919 
(1925). 

Takei, K., Bull. Chem. Soc. Japan, 28, 403 
(1955). 

Rays bx J. Chem: Soc:, 111, 101 (1917). 


. Takei, K., Nippon Kagaku Zasshi, 77, 830 


(1956); Chem. Abstr., 51, 7874 (1957). 


. Formstecher, F., Phot. Korr., 63, 129 (1927); 


Chem. Abstr., 21, 2441 (1927). 

Suchow, L., and Pond, G. R., J. Phys. Chem., 
58, 240 (1954). 

Lee, O. I, Am. Mineral, 21, 764 (1936). 
Parmalee, C:. W., and Badger, A.,-~J: Am. 
Ceram. Soc., 17, 1 (1934). 


. Williamson, W. O., Nature, 140, 238 (1937). 


Williamson, W. O., Nature, 143, 279 (1939). 
Weyl, W. A., and Forland, F., Ind. Eng. Chem., 
42, 257 (1950). 

McTaggart, F. K., and Bear, J., J. Appl. Chem. 
(London), 5, 643 (1955). 

Bear, J., and McTaggart, F. K., J. Appl. Chem. 
(London), 8, 72 (1958). 

Brickwedde, F. G., J. Optical Soc. Amer., 14, 
5122) (1927)% 

Hauser, W., Dissertation, Heidelberg, 1913, 
cited in pp. 553 and 559 of Lenard, P., Ann. 
Physik., 68, 553 (1922). 

Lenard, P., Ann. Physik., 68, 553 (1922). 
Maass, E., and Kempf, R., Z. angew. Chem., 
35, 609 (1922). 

Maass, E., and Kempf, R., Z. angew. Chem., 
36, 293 (1923). 

O’Brien, W. J., J. Phys. Chem., 19, 113 (1915). 
Schleede, A., and Herter, M., Z. Electrochem., 
29, 411 (1923). 

Schleede, A., Herter, M., and Kordatzki, W., 
Z. physik. Chem., 106, 386 (1923). 

Stobbe, H., Z. wiss. Phot. (Schaum Fertschrift), 
29, 209 (1930); Chem. Abstr., 25, 1441 
(1931). 

Weiser, H. B., and Garrison, A. D., J. Phys. 
Ghem231521237 (1927). 
Hecht, G. H., and Miller, 
Chem., 202, 403 (1953). 
Singh, G., J. Chem. Soc., 121, 782 (1922). 
Sanyal, A. K., and:Dhar, N. R., Z. anorg. 
allgem. Chem., 128, 212 (1923). 

Dafert, F. W., and Miklauz, R., Monatsh., 33, 
63 (1923). 


(Cp Ze POUL 


162. 
163. 
164. 
165. 
166. 
167. 
168. 
169. 
170. 
ialle 
Wee 
173; 
174. 
175; 
176. 
NAT 


178. 


NF) 
180. 


186. 


31 


. Iwase, E., Z. Krist, 99, 314 (1938). 


Lehner, V., J. Am. Chem. Soc., 43, 29 (1921). 
Baudish, O., and Bass, L. W., Ber., 55B, 2698 
(1922): 


. Wojtczak, J., Roczniki-Chem., 31, 343 (1957); 


Chem. Abstr., 51, 13580 (1957). 


. Stobbe, H., Ber., 40, 3372 (1907). 


Gould, J. H., and Brode, W. R., J. Optical 
Soc. Amer., 42, 380 (1952). 


. Lifschitz, J., and Girbes, G., Ber., 61B, 1463 


(1928). 


. Harris, L., Kaminsky, J., and Simard, R. G., 


Jai Ghee SOG.) SIs) ll ne CL93 50 

Harris, L., and Kaminsky, J., J. Am. Chem. 
Soc. 57, 1154, (1935). 

Germann, F. E. E., and Gibson, C. L., J. Am. 
Chem. Soc., 62, 110 (1940). 

Calvert, J. G., and Rechen, H. J. L., J. Am. 
Chem. Soc., 74, 2101 (1952). 

Weyde, E., and Frankenburger, W., Trans. 
Faraday Soc., 27, 561 (1931). 

Weyde, E., and Frankenburger, W., Z. physik. 
Chem., B17, 276 (1932). 

Rabinowitch, E., J. Phys. Chem., 8, 551 (1940). 
Rabinowitch, E., J. Phys. Chem., 8, 560 (1940). 
Brode, W. R., and Wyman, G. M., J. Research 
Natl. Bur. Standards, 47, 170 (1951). 
Wyman, G. M., and Brode, W. R., J. Am. 
Chem. Soc., 73, 1489 (1951). 

Brode, W. R., Gould, J. H., and Wyman, G. M., 
J. Am. Chem. Soc., 74, 4641 (1952). 
Abrahamson, E. W., and Linschitz, H., J. 
Chem. Phys., 23, 2198 (1955). 

Hartley, G. S., J. Chem. Soc., 633 (1938). 
Kortiim, G., Angew. Chem., 70, 14 (1958). 
Lewis, G. N., and Lipkin, D., J. Am. Chem. 
Soc., 64, 2801 (1942). 

Ariva, Bulle Cheri Soc 
(1927). 

Stobbe, H., Z. Electrochem., 14, 473 (1908). 
Padoa, M., and Zazzaroni, A., Atti. accad. 
Lincei 24, I, 828 (1915); Chem. Abstr., 9, 
3066 (1915). 

Padoa, M., and Zazzaroni, A., Atti. accad. 
Lincei 25, I, 808 (1916); Chem. Abstr., 11, 
796 (1917). 

Lindemann, G., Z. wiss. Phot., 50, 347 (1955); 
Chem. Abstr., 50, 8335 (1956). 

Stobbe, H., Ber., 37, 2236 (1904). 

Padoa, M., and Foresti, B., Atti. accad. Lincet 
Pi 6r (913) s" Chem: VA bstr Sa 5.68 
(1914). 

Chattaway, F. D., J: Chem. Soc., 89, 462 
(1906). 

Lasareff, P., Z. physik. Chem., 78, 661 (1912). 
Senier, A., and Clarke, R., J. Chem. Soc., 99, 
2081 (1911). 

Senier, A., and Forster, R. B., J. Chem. Soc., 
107, 452 (1915). 


Japan, 2, 65 


Senier, A., and Forster, R. B., J. Chem. Soc., 
107, 1168 (1915). 

Senier, A., and Shepheard, F. G., J. Chem. 
Soc., 95, 1943 (1909). 


187. 


188. 


189. 


190. 
ile 


192. 


1938 


194. 
195. 


196. 
NOM 


198. 


199. 


Takei, K., J. Chem. Soc. Japan, 73, 202 
(1952); Chem. Abstr., 46, 5438 (1952). 
Padoa, M., and Minganti, T., Afti. accad. 
Lincei 22, If, 500 (1913); Chem. Abstr., 8, 
1368 (1914). 

Padoa, M., and Tabellini, G., Atti. accad. 
Lincei 21, II, 188 (1912); Chem. Abstr., 6, 
3219 (1912). 

Trautz, M., Z. wiss. Phot., 4, 351 (1906). 
Padoa, M., and Foresti,.B., Atti. accad. Lincei 
23, 95) (914) Chente Asin 8,0 92098 
(1914). 

Reutt, C., and Pawlewski, B., Anz. Ak. Wiss., 
Krakau 1903, 502; Chem. Zentr., II, 1432 
(1903). 

Gallagher, P., Bull. soc. chim., [4] 29, 961 
(1921). 

Keenan, C. L., Chem. Revs., 3, 95 (1926). 
Russell, W. J., Proc. Roy. Soc. (London), B80. 
376 (1908). 

Van Aubel, E., Compt. rend., 138, 961 (1904). 
Zanella, B., Gazz. chim. ital., 54, 247 (1924); 
Chem. Abstr., 18, 3547 (1924). 
Venkataramaiah, Y., and Janakiram, A., J. Sci. 
Assoc. Maharajah’s Coll., 2, 16 (1924); Chem. 
Abstr., 18, 3549 (1924). 

Bhatnagar, S. S., and Kapur, P. L., Z. Electro- 
chem., 45, 373 (1939). 


Reviews of Pure and Applied Chemistry 


Dorr, F., and Englemann, F., Naturwissen- 
schaften, 39, 397 (1952). 


. Amaduzzi, L., and Padoa, M., Nuovo cimento, 


3, 41 (1912); Chem. Abstr., 6, 1253 (1912). 


. Rao, B. S. V. R., and Watson, H. E., J. Indian 


Inst. Sci., 12A, 17 (1929); Chem. Abstr., 23, 
3156 (1929). 


-“Takei,. Kz J) <Ghem.) Soc. Japan, 73204 


(1952); Chem. Abstr., 46, 5439 (1952). 
Gutowsky, H. S., Rutlage, R. L., and Huns- 
berger, I. M., J. Chem. Phys., 29, 1183 (1958). 
Hayaski, T., Maeda, K., Shida, S., and Nakada, 
K., J. Chem. Phys., 32, 1568 (1960). 

Rao, E. L., Varahalu, R., and Narasimhaswami, 
M. V., Nature, 124, 303 (1929). 


. Takei, K., Bull. Chem. Soc. Japan, 28, 408 


(1955). ; 

Weyl, W. A., and Johnson, G., J. Am. Ceram. 
Soc., 32, 398 (1949). 

Chitschibabin, A. E., Kuindshi, B. M., and 
Benewolenskaja, S. W., Ber., 58, 1580 (1925). 


. Weigert,.F., Z. Electrochem., 23, 357 (1917). 


Gheorghiu, C. V., Bull. soc. chim., 53, 1442 
(1933). 

Gheorghiu, C. V., Rev. Stiint, “V. Adamachi’, 
32, 255 (1946); Chem: Abstr5” 42,7 1239 
(1948). 

Gheorghiu, C. V., Bull. école polytech. Jassy, 
2, 181 (1947); Chem. Abstr., 42, 1514 (1948). 


33 


Applications of Gas Chromatography 


by I. G. McWILLIAM, B.Sc. (Hons.) <i 
(Central Research Laboratories, Imperial Chemical Industries of Australia 


and New Zealand Ltd., Melbourne). 


1 INTRODUCTION 


2 PRESENTATION AND COMPILATION OF DATA 


3 SEPARATION OF MATERIALS BY GAS 
CHROMATOGRAPHY 


3.1 Introduction 
3.2 Theory of column efficiency 


3.3. Separation factor and apparent retention 
ratio 


3.4 Resolution of two components 
3.5 Instrumental factors limiting resolution 
4 DETERMINATION OF THERMODYNAMIC DATA 


4.1 Activity coefficients from GLC measure- 
ments 


4.2 Heats and entropies of solution by GLC 


4.3 Heats of adsorption and adsorption isotherms 


5 ANALYTICAL APPLICATIONS OF GAS 
CHROMATOGRAPHY 


5.1 Separation and identification of simple mix- 
tures 


5.2 Separation of complex mixtures 
5.3 High speed analyses 
5.4 Identification of components 


5.5 Analysis of non-volatile, reactive and trace 
materials 


5.6 Miscellaneous uses 
6 PREPARATION OF PURE MATERIALS 
7 PROCESS CONTROL BY GAS CHROMATOGRAPHY 


8 APPARATUS FOR GAS CHROMATOGRAPHY 
8.1 Sample introduction 


8.2 Columns and stationary phase supports 
8.3 Detectors and data presentation 

9 INDEX TO RETENTION DATA 

10 SYMBOLS USED IN TEXT 


11 REFERENCES 


1 INTRODUCTION 


Gas chromatography has developed over the 
last eight years into one of the most important 
instrumental analytical techniques. Some in- 
dication of this is given by the fact that well 
over 1,500 papers have been published during 
that time, and the annual number is increasing 
each year. Gas-solid chromatography (GSC), 
with a solid adsorbent as the stationary phase, 
had been in use for a considerable time for 
the separation of gases and light hydrocarbons 
(C; — C4) and was reviewed in detail by 
Claeson in 1946°° and more recently by 
Janak'®*. However, it was the introduction of 
gas-liquid chromatography (GLC) by James 
and Martin’®® in 1952 which resulted in the 
rapid development of the technique. 

The use of a liquid stationary phase, on an 
inert supporting material, extended the range 
to include a wide variety of organic materials 
boiling up to above 400°C and it is with GLC 
that we shall be mainly concerned. Of a 
number of reviews and explanatory articles, 
mainly on GLC, the most complete review 
paper is that of Hardy and Pollard!*° which 
covers the literature up to 1958. Analytical 
applications have been discussed by Rose??? 
and several books on gas chromatography 
have been published1® 190,255,258, 

There are three forms of GSC and GLC 
(see e.g. ref. 190). Elution development is 
generally used for analytical work since pure 
components are produced and the column can 
be used repeatedly. Displacement development 
may be useful for isolating a component in 
concentrated form, and it has recently been 
pointed out?® that frontal analysis has advan- 
tages for the analysis of materials which “tail” 
in elution development. Most of the work 
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discussed in this review deals with elution 
development. 


2 PRESENTATION AND COMPILATION 
OF DATA 


In order to correlate data published by different 
workers and to avoid the publication of in- 
adequate data, standard methods of data 
presentation have recently been recommen- 
ded™*>.1"2_ Unfortunately some differences in 
symbolization are found in the above refer- 
ences, but substantial agreement has been 
reached on the main issues and adherence to 
the recommended methods should do much to 
avoid the ambiguities which are at present 
found in the literature. A separate list of 
symbols used in the present review is given 
in Section 10. 

To cover the large volume of literature on 
gas chromatography, two abstracting services 
have been instituted. In England abstracts are 
prepared by the Gas Chromatography Discus- 
sion Group of the Institute of Petroleum Hy- 
dro-carbon Research Group, and these are cir- 
culated quarterly in book form with an index. 
About 2,100 abstracts have now been pub- 
lished by Butterworths to the end of 1959 and 
it is also proposed to publish an extensive 
collection of retention volume data. In the 
U.S.A., abstracts on Unisort punched cards are 
available from C. D. Lowry??8. New abstracts 
are sent weekly but the cost of this service 
is considerably higher than for the English 
abstracts. The storage of retention volume 
data on IBM punched cards has been reported 
by Spencer and Johnson*, 


3. SEPARATION OF MATERIALS BY 
GAS CHROMATOGRAPHY 


3.1 Introduction 


The separation of two components on a column 
is dependent on: 

(1) the column efficiency which determines 
the peak width and is measured in terms of 
the number (n) of theoretical plates and 

(2) the apparent retention ratio (r) which 
is determined by the partition or adsorption 
coefficients (K) of the components and the 
ratio of the fixed-phase to moving-phase 
capacity (k’). 


3.2 Theory of column efficiency 


The theory of gas chromatography for linear 
isotherms, which apply with good approxima- 
tion to gas-liquid chromatography, and gas- 
solid chromatography in some cases, has been 
treated in a number of papers. According to 
the theory the shape of an elution curve is 
given by a Poisson distribution which approxi- 
mates to a Gaussian curve for a sufficiently 
large number of theoretical plates (>100). 
The broadening of a component band as it 
passes through the column is the result of a 
number of almost independent contributions 
and the net effect can be expressed by the 
height equivalent to a theoretical plate (HETP). 
Although some doubt still exists as to the 
correct expression for the HETP?°1%, it is 
usually given in the simplified form (derived 
for gas-liquid chromatography) 

= A + B/u + Cu (1) 
where wu is the linear carrier gas velocity, and 
A, B, C are constants*!:1°°-1% determined re- 
spectively, by packing irregularities (“eddy” 
diffusion), longitudinal gas diffusion, and non- 
equilibrium effects (“mass transfer” effects in 
the liquid and gas phases). 

The plot of H against u is hyperbolic, as 
shown in Figure 1, and the minimum value 
of Hf is given by Huw == A. 2(BC} ator 
Umin == (B/C). The effect of operating para- 
meters on the column efficiency has been in- 
vestigated in some detail (see Table 1 of ref. 
125 and refs. cited below, also Glueckauf!®). 
From the above equations it can be seen that 
the optimum conditions for an analysis are 
obtained by minimizing A and BC to obtain a 
high column efficiency, and by maximizing 
B/C for short analysis times. A can be reduced 
by using a support of small particle size and 
narrow mesh range in the case of granular 
packed columns*! or by the use of capillary 
columns for which A is zero. C is reduced by 
minimizing the liquid film thickness in GLC?! 
and appears to be almost zero for GSC335, 
However, decrease of B by use of a dense 
carrier gas and high column pressure results 
in a corresponding decrease in Umi, and hence 
increase in analysis time*®*.292, Moreover, due 
to the pressure drop across the column?®-191,307 
a smaller part of the column is operating near 
Umin With a carrier gas of high viscosity and 
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_ this effect must be allowed for in the investi- 


_ gation of column efficiency. 


In theory the minimum HETP obtainable 


is of the order of the particle diameter for 


granular packed columns and of the order of 
the column radius for capillary columns. 
Minimum values which have been reported in 
practice are approximately 0.3 mm?*! and 0.1 
mm‘** respectively. 

An important point which should be noted 


Figure 1 Variation of 
HETP with linear gas 
velocity, u 


HETP 
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whereas the apparent retention ratio is defined 
here as 
r = (Vp)o/(Ve)t = 

(+ kaj ky) 4) 
where k’ = K(vr/vq) is the ratio of fixed- 
phase to moving-phase capacity. The signifi- 
cant difference between a and r is that a is a 
measure of the separation due only to the 
nature of the sample components and the 
column packing material, whereas r includes 


A+B/u+Cu 


is that the C-term*!, and hence the HETP, 
varies with the gas and liquid diffusion co- 
efficients and with the ratio of fixed-phase to 
moving-phase capacity. The HETP may there- 
fore vary with both retention time and com- 
pound type. For granular packed columns 
there is generally an improvement in plate 
efficiency (reduced HETP) with increased re- 
tention time .2**.262,289.290 bot the effect ob- 
tained depends?®? on the value of k’ (see 
below) and for capillary columns the efficiency 
generally decreases with increased retention 
time®®:29?, 

3.3. Separation factor and apparent 

retention ratio 

The retention volume can be expressed in the 
form (see Figure 2) 
Ve = Vu ++ VR — 

(n/j)\(ve a- Ky, = NWert/j (2) 
where Ver; is the effective plate capacity of 
the column and j is the pressure gradient 
correction factor!®°?1°. The separation factor 


for two components is given by 
ar (Vx’)2/(Vr’)1 = Ks/Ky, (3) 


the gas holdup due to the interstitial volume 
of the column and detector. This contributes 
to peak broadening but not to peak separation. 


3.4 Resolution of two components 


Resolution may be defined in a number of 
ways but for practical purposes two methods 
are of particular value. The first of these is 
a measure of the peak height overlap, the 
second of the fractional band impurity. In 
both cases it is assumed that the peaks are 
Gaussian in shape. Referring to Figure 2, 
the peak height ratio C1/c2 is given by 
Ci/co == exp{(V2 — V1)?n/2V 47} (5) 
and this can be rearranged to give an ex- 
pression for the number of theoretical plates, 
n, required for a given C;/ce2 ratio 
fee ol 1) ye ACs Ca) 

2E{1 + (1/k1’)}/(a — 1)P In(Ci/C2) (6) 
It is thus seen that a greater number of plates 
is required to separate two components on a 
capillary column (k’ small) than on a granular 
packed column and the expression n(k’)?/ 
(1 + k)? is a more realistic measure of the 
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column efficiency than n. However, unless K to avoid variable partition coefficients and 
is small, it is easier to achieve the higher  adsorption-desorption effects***°* which | will 
number of plates required by the ‘capillary also distort the peak. Moreover, additional 
partly because of the low pressure drop. factors are required for the method of sample 

When a certain purity of the separated com- _introduction’*”.°°* and the initial distribution 
ponents is required, the relation given by of solute in the liquid phase, but these effects 
Glueckauf'®t can be used. This is based ona are difficult to evaluate. Keulemans'*® sug- 


n=(V,/o,)2 


Figure 2 Peak overlap 


and resolution Sample injection point 


cut in which the fractional impurities, », of gested a constant of 0.02 for granular packed 


both bands are equal, i.e. where columns but for a 0.01 in. id. capillary 
m2 == Am,/(mz — Amz) = Am,/me2 column Desty®® found that the permissible 

= y1 FZ Am2/m (7) sample size corresponded to a value of less 
The result is usually given in graphical form. than 0.002 vers\/n which amounted to about 


For two components originally present in molar 0.1 wg. (With capillary columns of larger 
proportions of m, and Mae, and whose apparent diameter milligram samples have been used*#*), 


retention ratio, r, is close to unity, the number Peak distortion may also be caused by too 

of plates required to produce a given frac- large a detector volume or by slow response 

tional band impurity can be obtained from of the detector and recording system. These 

Figure 3 effects have been! discussed by Johnson and 
3 173 285 236 

The number of plates required for the separa- Stross'™", Schmauch™ and the author***. The 


effect of the overall time constant of the 
detector and associated recording equipment 
can be readily calculated. However, the effect 
of detector volume depends on whether or not 
complete mixing occurs within the detector. 
Results obtained in practice suggest that an 
intermediate situation exists, so that the cor- 
rection factors derived by Johnson and Stross1*8 
may overestimate this effect. The safest pro- 
cedure is to use equipment for which correc- 
3.5. Instrumental factors limiting resolution tion factors are not normally required. For 
Peak distortion with consequent reduction in SYmmetrical peaks this will be achieved with 
column efficiency may result from the sample @ Fratio of approximately 30 to 1 between the 
initially occupying too large a proportion of (time) base-width of the peak and the overall 
the column. Glueckauf!’! and van Deemter®® time constant of the detector unit, and be- 
have shown that the sample volume (v,) does tween the volume of the peak and the detector 
not contribute to the peak width if y.<0.5 volume. It should be noted, however, that 
VerrVn. In calculating the amount of sample the full scale deflection time of a potentio- 


to which this corresponds, it must be remem- metric recorder should not be treated as a 
bered that the initial concentration must be low “time constant”. 


tion of two components by gas chromato- 
graphy is much higher than for distillation pro- 
cesses, the ratio being approximately n* to n, 
since in gas chromatography only a small 
fraction of the total column is in use at any 
instant®®. “4189, However, the larger number of 
plates required for gas chromatography is more 
readily achieved than the smaller number re- 
quired for distillation. 
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4 DETERMINATION OF 
THERMODYNAMIC DATA 


4.1 Activity coefficients from GLC 
measurements 


Activity coefficients can be obtained from re- 
tention time measurements? since, from 


Section 3.3, 


| teres Vx! /nvy = hy fl = 
MRT /y;f? = MLRT/y,p° (8) 


The activity coefficients at infinite dilution, 
y°; and y°,, are obtained by the use of small 
samples or by extrapolation to zero sample 
size. Walues determined by GLC have been 


dinonylphthalate over the range 48-110°C. 
For both solutes, the very small temperature 
coefficient shows that. the departure from 
ideality is due mainly to entropy effects. 
Values of y°<1- generally occur?® only 
when the components are similar in polarity 
but differ appreciably in molecular size, or 
when they react chemically. At high concen- 
trations the peak shape shows a sharp front 
and diffuse tail and the measured retention 
volume is greater than for an infinitely dilute 
zone. Values of y°>1 are obtained when 
there is a large difference in polarity between 
the components. The peak shape shows a 


Apparent retention ratio (r ) 
1.015 1.02 1.03 1.04 


Figure 3 Fractional 


impurity of separated 


components (after 


Glueckauf™). 


Apparent retention ratio (1 ) 


Number of theoretical plates (n) 


found to agree well with equilibrium measure- 
ments providing that the stationary phase 
support is inert?°>?%*, and the method can be 
applied to volatile solvents by presaturating 
the carrier gas with the solvent*°?. 

A precision of +1% has been reported by 
Adlard, Khan and Whitham‘ for the activity 
coefficients of benzene and cyclohexane in 


lo? 5x 10° 10 
m2 + Mp2 
5 UE) 
2mm. 


n 


diffuse front and sharp tail at high concen~ 
trations and the measured retention volume is 
less than for an infinitely dilute zone. Since 
the partition coefficients are low, the plate 
capacities will also be low. 


4.2 Heats and entropies of solution by GLC 
The apparent heat of solution, AHs, and the 
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excess partial heat of solution, AH®s, can be 
obtained from the relationship?®, 


o(InkK)/0(1/T) = AHs/R = 
— (4H, — RT — AHs*/R_ (9) 


Results?®* show that AH, predominates in 
_ determining the change in K with temperature 
and reasonable estimates of K can therefore be 
obtained from one determination. 

The entropy of solution (AS) can be cal- 
culated from the heat of solution and the free 
energy of solution since 

AS = (AHg — AG)T (10) 
AG == — RT in(273K/7) (11) 


4.3 Heats of adsorption and adsorption 
isotherms 


The heat of adsorption, AH,, can be obtained 
in a similar way to the heat of solution from 


o(InK,)/O(1/T) = AH,s/R_ (12) 


and values have been obtained!!* for low 
boiling gases on charcoal and light hydro- 
carbons on alumina and silica gel. 

Adsorption isotherms have also been deter- 
mined by GSC for benzene and cyclohexane 
on charcoal'®® (also entropies of adsorption!®>) 
and for pentane, hexane, cyclohexane and 
benzene on silica gel, calcium carbonate and 
calcium sulphate1!*. In the case of cyclohexane 
on calcium carbonate the form of the isotherm 
was altered by adsorbed moisture. 


5 ANALYTICAL APPLICATIONS OF 
GAS CHROMATOGRAPHY 


5.1 Separation and identification of simple 
mixtures 


As shown in Section 3 the separation of a 
mixture by gas chromatography is dependent 
on the column efficiency and the ratio of the 
partition or adsorption coefficients of the com- 
ponents. For GLC, 

a == (Vr)2/(Va)i = Ke/Ky = 


y1P°1/y2p°2s (13) 

and log a = log(p°1/p%.) + log(yi/y2) = 
{(AHs); — (AHg)o}/RT (14) 

For an ideal solution (y = 1), a will be 


determined by the solute vapour pressures. 


On the other hand separation of close-boiling 
mixtures is dependent on alteration of the 
y1/y2 tatio by solute-solvent interaction. Thus 
m- and p-xylenes7°-#48 and various other close- 
boiling isomers can be separated on selective 
stationary phases and even racemic mixtures 
on optically active phases (e.g., ref. 178). 
Vapour pressure and solution effects do not 
always combine to enhance separation and these 
two cases are clearly differentiated by the use 
of grid-type plots as shown by Purnell?7. 
Improved separation is usually obtained at 
lower temperatures, provided that the column 
efficiency is not adversely affected (see e.g., 
ref. 72), since (AHs); — (AHs)s is generally 
nearly temperature independent. Also the 
piate capacity is increased by lower tempera- 
tures. 

There is no adequate theory of the liquid 
state from which accurate separation factors 
can be calculated and it is necessary to rely 
on empirical or semi-empirical methods in the 
choice of stationary phase. A qualitative 
classification scheme for solutes and solvents 
has been put forward by Keulemans?®°!*5 based 
on the degree of molecular interaction result- 
ing from orientation (dipole-dipole), induction 
and dispersion (non-polar) forces!®?. Loose 
chemical adduct formation must be considered 
as a separate class and selective interaction of 
this type has been used for the retardation of 
unsaturated hydrocarbons by interaction with 
the silver ion?!55.1°1,294 and of other com- 
pounds, particularly amines, by various metal 
complexes**;#°. Some idea of the selectivity 
possible is given by the figures quoted by 
Barber er al'®. The plate requirements to 
separate y-picoline and 2,6-lutidine on Apiezon 
L and manganese stearate are given as 15,000 
and 5 plates respectively. 

A semi-empirical approach has been used 
by Pierotti et al**®, based on experimentally 
obtained relationships between the activity co- 
efficients and the solute and solvent structures. 
For a homologous series it is frequently 
found'**.*5° that, providing the lower members 
are excluded and the carbon number range is 
limited, 

log y = a + (b:/N’)N ~ (15) 
where N and N’ are the carbon numbers of 
the solute and solvent respectively. Moreover 
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it is also frequently found that 
log p®° = a2 — boN (16) 
and log p° = as = b3/T (17) 
On the basis of these approximations it can 
be shown that a linear relationship can be 
expected, as is found in practice (see refs. 
125, 152), between log Vy and 
a (1) the number of carbon atoms in the 
molecule, 
(2) the logarithm of the vapour pressure of 
the pure solute, 
(3) the boiling point of the pure solute, 
(4) the reciprocal of the solvent tempera- 
ture and 
. (5) log Vy for a different solvent. 
These relationships are of particular value in 
the identification of unknown components, and 
an example of types (1) and (5) is shown in 
Figure 4. It should be noted that the transfer 
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Figure 4 Log retention volume plot for fatty acid 
methyl esters: (courtesy of Journal of Chromato- 
graphy”) 


of retention data other than relative values 
from one column to another must be done on 
a unit volume or weight basis, since the net 
retention volume, Vy, is dependent on the 
amount of liquid phase in the column (or on 
the surface area in the case of adsorbents). 
Similar relationships to the above are found 
with adsorption columns’? but tailing gener- 
ally occurs due to surface heterogeneities. 
This can be overcome by the use of very 
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small samples or adsorbents with structureless 
surfaces**°, The active sites which cause 
tailing can be deactivated by adding a small 
percentage of liquid phase to the column®?:§4,161 
or by adding a strongly adsorbed vapour to 
the carrier gas'®®. Knight!®* found that dis- 
tinct active areas were present, each area ad- 
sorbing a particular type of group. Thus water 
improved the peak symmetry for alcohols but 
not for amines, and vice versa. The nature 
of the carrier gas itself may also affect the 
adsorbent and this is particularly pronounced 
for molecular sieves whose separating power 
for permanent gases is impaired by saturation 
with carbon dioxide. 

Liquid modified adsorption columns sepa- 
rate paraffins and cycloparaffins on a carbon 
number basis®?:*+?95, the selectivity being dif- 
ferent from that of a liquid stationary phase. 
The polarity of adsorbent columns and, to a 
lesser extent, modified adsorbent columns is 
markedly affected by humidity®*1¢1,165,262,288 
and the preparation of reproducible adsorbents 
is difficult. 

Molecular sieves have proven particularly 
useful for the separation of permanent gases 
and, at high temperatures, a wide range of 
hydrocarbons*!:33", Most straight chain organic 
compounds are strongly retained*??”. Other 
adsorbents used include charcoal, silica gel and 
alumina (which irreversibly adsorbs carbon 
dioxide). Less effective adsorbents have been 
used for hydrocarbons up to C, and these 
include magnesium and aluminium silicates®, 
ethylene carbonate, bentonites®*°, kieselguhr 
and zeolites? 1°'; in the case of charcoal and 
silica gel slow adsorption equilibrium has been 
reported!**, 

Few satisfactory organic liquid phases have 
been found for high temperature operation®»*? 
89,99,116,187,252, Those tried are relatively non- 
polar and include silicones, Apiezon M, poly- 
ethylene and _ polytrifluorochloroethylene’®’, 
petroleum derived asphaltenes!*.?°*, polyesters 
and borazole derivatives®®. Generally precon- 
ditioning of the stationary phase is necessary 
at or above the operating temperature®®. On 
the other hand, it is found that thin liquid 
films have lower vapour pressures than the 
bulk liquid and column life is therefore longer 
than would normally be expected. For the 
separation of metals?® and metal chlorides’ 
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inorganic chlorides have been used as liquid 
phases. 

References to the large volume of published 
retention data, some of which has been 
collected in supplements to the Journal of 
Chromatography?”®?", are tabulated in Section 
9. Most retention data have been published 
without consideration of the best column for 
a given type separation. However, some 
attention to this has been given in the case 
of methyl esters??°?>°, phenols®', and hydro- 
carbons and oxygenated compounds!%#??:308, 
Keulemans!”° has also discussed the properties 
of various liquid phases and has pointed out 
that the large number of stationary phases 
used has made collection of retention data 
difficult. However, small differences between 
two phases can often be of importance. A 
smaller number of stationary phases can be 
used with columns of high efficiency and pure 
liquids with a definite. chemical constitution 
should be chosen where possible. Mixed 
stationary phases generally give the same 
results as a series of separate columns?3*:26°:161, 

The separation of metals?®, metal chlorides!*” 
186. deuterated cyclohexane***, and isotopes of 
neon! and of hydrogen®’*>?9° are also of 
interest. Respiratory pigments have been used 
for the separation of nitrogen and oxygen!°?. 

Aqueous samples are troublesome because 
of tailing of the water peak. Elvidge and Proc- 
tor’ have determined water in pharmaceutical 
preparations over the range 30-80% on poly- 
ethylene glycol with good agreement with 
chemical methods and Smith?®’ has recom- 
mended columns for the analysis of various 
aqueous mixtures. Overlap of the water peak 
will not interfere with the determination of 
other components if a detector is used which 
is insensitive to water, e.g. the flame ionization 
or £-ray/nitrogen detectors. 


5.2. Separation of complex mixtures 
Multicomponent mixtures frequently contain 
components with similar and/or a wide range 
of partition co-efficients. These two possibilities 
will be considered separately but it should be 
noted that in both cases improvement results 
from the use of high efficiency columns. 

Although simple mixtures can generally be 
resolved by appropriate selection of the 
stationary phase, the problem becomes more 


complex as the number of components in- 
creases. Use of a series of stationary phases 
may then only reshuffle the peaks without 
allowing satisfactory resolution. This can be 
avoided by isolating sections of the chromato- 
gram and transferring them to other columns. 
An example given by Simmons and Snyder?** 
is shown in Figure 5. Here the C; — Cs 
fractions were separated on a carbon number 


C, fraction OC, 
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t) 0 40 aie — 
But time rae 
Figure 5 Two-stage separation of Cs-Cs hydro- 


carbons (courtesy of Analytical Chemistry”) 


basis by a modified adsorption column and the 
fractions were then re-run on a silicone oil 
column. An interesting modification of the 
two-stage column has been reported by Smith 
et al.*°°. Carbon dioxide was separated from 
CO, NO and N> on silica gel and the CO was 
then converted to CO. with iodine pentoxide 
to separate it from NO and No» on a second 
silica gel column. 

Molecular sieves are particularly useful#!:337 
for the selective adsorption of straight chain 
compounds although care is necessary to avoid 
secondary reactions between adsorbed com- 
pounds and those not normally retarded. They 
have been used*! for hydrocarbons up to C4 
but some initial affinity for singly-branched 
hydrocarbons is found’:*37, A liquid phase of 


the molecular sieve type, tri-o-thymotide, has 


} 


j McWilliam — Gas Chromatography 


_ recently been reported?*®. The fluorescent in- 
dicator liquid phase adsorption technique has 
been used?":*+38° for prior type separation of 
_ oxygenated and other polar compounds. 

When a mixture contains components. with 
a wide range of partition coefficients, the early 
peaks will be bunched together and poorly 
separated if the later peaks are to be recorded 
in a reasonable time on a single column. A 
multistage system, similar to the above, can be 
used for this case. A two-stage unit may 
employ either the same stationary phase at two 
temperatures!” or two different stationary 
phases. Moreover, depending on the com- 
ponent distribution, the columns can be 
Operated either in ‘series!*71*4240 or in 
parallel*®, or a combination of both by appro- 
priate switching”*®. Strongly retarded unwanted 
components can be removed from the column 
by backflushing with carrier gas**®, 

The second method of dealing with wide 
range mixtures is to increase the column tem- 
perature or (used less frequently) the carrier 
gas flow rate during the chromatogram. Details 
of equipment for temperature programming 
have been published®®:!!7:127, and Habgood and 
Harris'!7 have shown that both the retention 
volume and temperature of a component can 
be calculated from isothermal data by graphi- 
cal methods. This assumes a linear tempera- 
ture rise but non-linear programming may give 
better separation of early peaks?!*. Straight 
line plots of retention time versus carbon num- 
ber®! suggest that simple relationships to iso- 
thermal data can be derived. Chromathermo- 
graphy, using a moving temperature gradient, 
also has possibilities for wide range mixtures 
but band mixing is difficult to avoid (see ref. 
250). 

There has been considerable interest in the 
relative merits of multistage equipment and 
temperature programming and an example of 
the results obtainable is shown in Figure 6. 
In general temperature programming will be 
more suitable for initial examination of a wide 
range mixture although two substantially dif- 
ferent stationary phases should be tried in case 
peak overlap occurs. Multi-stage equipment is 
more versatile and is to be preferred for semi- 
automatic routine analyses where the necessary 


switching sequence can be preset, and reten- 


tion time reproducibility is more easily attained. 
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Quantitative analysis with incompletely 
separated peaks has been discussed by 
Zhukhovitskii and Turkeltaub##2 and more re- 
cently by Grant and Vaughan™?. In the case 
of almost coincident peaks the peak shape, as 
measured by the ratio of positive to negative 
deflection of the first derivative of the curve, is 
very sensitive to the component concentrations 
at impurity levels of a few percent?*’. This 
derivative peak ratio method can therefore give 
quite accurate results in these cases. 
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Figure 6 Comparison of two-stage and temperature 
programmed chromatograms (courtesy of Butter- 
worth’s Scientific Publications’). (a) column tem- 
perature 75°C; (b) temperature programmed, 25 to 
105°C; (c) two-stage analysis, 50 and 77°C 


5.3. High speed analyses 


The possibility of substantially decreasing 
analysis times has recently been investigated for 
292 


both packed??®:?°* and capillary*”’ columns and 
high speed chromatographs are already in 
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commercial production. High efficiency at high 
carrier gas flow rates results??®°" from the use 
of hydrogen or helium as carrier gas and of a 
low percentage of liquid phase on the support 
(see Section 3.2). According to Golay?°® op- 
timum performance of a capillary column at 
the optimum carrier gas velocity (Umin in 
Figure 1) is obtained when the static phase 
capacity is just over 3 times the mobile phase 
capacity. However, Scott and Hazeldean?*? 
have shown that the ratio depends on the 
column and sample when the carrier gas 
velocity is well above the optimum value. For 
a specific case of a 0.02 in. id. capillary 
column they give a ratio of approximately 
0.3. 

A high speed analysis of a Cy hydrocarbon 
mixture obtained with granular packed columns 
is no interference from peak overlap. In the 
duction and low detector and recorder time 
constants are necessary (see Section 3.5) for 
high speed analyses. In this case a specially 
designed gas sampling valve, described in 
Section 7, was used and a flame ionization 
detector unit with a time constant of 8 milli- 
seconds was linked to an oscillographic re- 
corder. 

It has been pointed out?! that cathode-ray 
presentation of chromatograms is cheaper than 
the use of a potentiometric recorder but if a 
permanent record is required oscillographic or 
potentiometric recorders may be more econo- 
mical and more satisfactory in the long run. 
While oscillographic recorders will handle very 
fast records, a 4-second potentiometric recorder 
should be adequate for most purposes. Slower 
speed recorders can be used if the integral 
curve is recorded. Use of an “infinite per- 
sistence” oscilloscope allows a chromatogram 
to be examined at leisure without the accumu- 
lation of a vast amount of chart paper. 


5.4 Identification of components 
Where the components of a mixture are limited 
to only a few possibilities they can be iden- 
tified by their retention characteristics (see 
Section 5.1). If this is not adequate, auxiliary 
analytical techniques are necessary. Suitable 
methods include mass spectrometry, infra-red 
and ultra-violet spectroscopy, electron affinity 
spectroscopy and chemical methods. 

Fast response time-of-flight!’ or suitably 


modified!19.137 magnetic dispersion mass spec- 
trometers are particularly suitable, but slower 
instruments can be used by stopping the carrier 
gas flow while the eluted component 1s 
analysed? without the need for ‘ collecting 
separate fractions. The recently introduced 
technique of electron affinity spectroscopy””® 
is also suitable for continuous analysis of 
small samples. 

Separated fractions of a few milligrams can 
be identified by infra-red spectroscopy, either 
in the gaseous®, liquid®°* or adsorbed*" state. 
Specific chemical tests can also be used’® and 
recently the methylene insertion reaction has 
been used?®> to determine the structure of 
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Figure.7 High speed chromatograms of Cs hydro- 

carbons (courtesy of Analytical Chemistry) (a) 

4 ft column, nitrogen carrier gas; (b) 4 ft column, 

hydrogen carrier gas; (c) 12 ft column, hydrogen 

carrier gas. Sample components (1-6) i-butane, 

n-butane, butene-1 + i-butylene, trans butene-2, cis 
butene-2, butadiene-1,3 


unknown hydrocarbons on a purely statistical 
basis. 

In some cases the relationship between de- 
tector output and molecular parameters can 
also be used to identify a component, two 
separate detector signals being required if the 
weight of the component is unknown?!®217,236, 


5.5 Analysis of non-volatile, reactive, and 
trace materials 

Improved separation at lower temperatures 

can often be obtained by the conversion of 

materials to more volatile derivatives. Fatty 

acids are generally converted to the corres- 
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‘ponding methyl esters*!° and aminoacids to 


aldehydes*#®, Alcohols have been converted 
to acid esters?!*, hydrocarbons” or nitrites™8, 
and phenols to methyl ethers*? or trimethyl silyl 
ethers?°”, : 
Representative chromatograms can be ob- 
tained from the pyrolysis products of high 


molecular weight materials, and these show 


<- 


good reproducibility provided that the pro- 
ducts are rapidly removed'®??!2.311_ This tech- 
nique is particularly useful for the investigation 
and identification of polymers. 

Reactive materials are sometimes converted 
to non-reactive derivatives, e.g. hydrogen 
chloride to carbon dioxide!2*, but considerable 
progress has been made in the direct analysis 
of reactive samples*®!4°, Contamination of 
the sample valve can be avoided by adding 
the sample continuously to the column down- 
stream from the sampling valve. Injection of 
an air or inert gas sample into the carrier 
gas stream then gives a series of reversed 
peaks corresponding to the sample components. 
This technique may be regarded as a modified 
form of frontal analysis. 

Trace components below the ppm level can 
be determined with milligram samples using 
high sensitivity detectors, providing that there 
is no interference from peak overlap. In the 
latter case, or with detectors of lower sen- 
sitivity, it may be necessary to remove the 
major component prior to analysis. Selective 
reagents have been used to remove alde- 
hydes'®*.71*  olefins*®"-1°5241,276" esters, ketones 
and alcohols?* and carbon dioxide®**. Con- 
versely the impurities can be concentrated on 
short adsorption or absorption columns*®**:#*?, 
even with low pressure samples***. 


5.6 Miscellaneous uses 


Gas chromatography has been applied to a 
wide variety of analytical problems and a 
selection of examples is given below. 

It has been used extensively for the analysis 
of biological materials, particularly for fatty 
acids, in studies of metabolism and the deter- 
mination of alcohol content. Other complex 
materials investigated include essential oils and 
related products, flavours and perfumes and the 
components of cigarette smoke. 


The majority of applications have been in> 


the chemical and petroleum industries where 
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it is used for the control of raw material, 
intermediate and finished product quality and 
for the study of reactions and other analytical 
techniques, and also for the evaluaton of 
exploratory oil well drillings and analysis of 
the combustion products of flames and internal 
combustion engines. It has also been used for 
the analysis of fuel gas, the atmospheres of 
coal mines, trace materials in nuclear reactor 
coolant gases, anaesthetics, aerosols and re- 
frigerants, fractions from air rectification 
columns, printing ink volatiles and azeotropes, 
and for the selection of liquids for extractive 
distillation?”’, the controlling of water corrosion 
in tubes of high pressure boilers®®, the selective 
determination of alkoxy!?* and formyl and 
acetyl groups®°* and in studies of sludge di- 
gestion and complex formation. 

Other applications include the investigation 
of Henry’s law, the determination of equili- 
brium and reaction rate constants, the study 
of catalysts!?°:3!8 and characterization of cata- 
lyst activity>®?°8 and the measurement of 
surface areas®*:?8°, Carbon/hydrogen ratios 
have also been determined*!?!* by the use of 
gas chromatography. 


6 PREPARATION OF PURE 
MATERIALS 
Gas chromatography offers an excellent method 
for the preparation of highly pure materials. 
and can be used for thermally unstable com- 
pounds. Analytical columns can generally be 
used only for relatively small samples of the 
order of 10 mg but if the components to be 
separated are well resolved the column can be 
considerably overloaded, and it has been re- 
ported that 0.3 ml samples have been separated 
on a 4 mm i.d. column. The preparation of 
larger amounts of material necessitates scaling 
up the equipment by increasing the column 
diameter and/or by repetitive injection and 
collection of samples, but in the latter case a 
saving in the amount of column packing 
material is achieved only at the expense of 
decreased sample throughput. 

Increasing the column diameter has been 
found to result in loss in efficiency and Johns’ 
has reported that this effect is considerably 
pronounced above 0.7 in. diameter. He there- 
fore used a series of % in. diameter columns 


44 


Reviews of Pure and Applied Chemistry 


eee ee ee 


in parallel to obtain the required column 
capacity without loss of efficiency. Recently 
this loss has been shown to be mainly due to 
the existence of a radial velocity distribution 
in the column?®:'4° which arises from uneven 
‘column packing and a high gas velocity near 
the wall. Some improvement can be made? 144 
by constructing columns in short lengths inter- 
connected by small mixing tubes and by 
roughening the column walls. An HETP of 
1.3 mm has been obtained by collecting sepa- 
rately the effluents corresponding to the centre 
and wall sections of a 10 cm diameter 
column!#?, and even without this refinement 
3 in. and 10 in. diameter columns have given 
values of 2 mm and 2.5 mm respectively. 

Because of the large carrier gas consumption 
of a preparative gas chromatograph, gas recycle 
after appropriate purification has been used in 
a commercial unit!”4. Another method, sug- 
gested by James'*’, to overcome this problem 
is to use a condensable vapour as the carrier 
gas. On a very large scale the latter method 
would probably be essential because of the 
problem of pumping large volumes of dilute 
gas. So far hypersorption techniques, using a 
moving adsorbent bed??, have been regarded as 
more attractive. 

When a large number of cycles is necessary 
for purification of the required amount of 
material, repetitive sample injection and collec- 
tion is generally based on a preset time cycle". 
Sample collection can also be controlled auto- 
matically by the detector output'’?:*°*. The 
repetitive injection of liquid samples contained 
in a reservoir can be done conveniently by 
application of gas pressure in a manner similar 
to that described by Heilbronner!*?:°*. Fischer 
and Brandes” have described a chromatograph 
to which the sample is added continuously 
but it operates, in effect, as a series of re- 
petitive cycles. 

Rapid vaporization of samples is necessary 
to prevent loss in column efficiency. Although 
vaporizers relying on heat capacity are often 
used, high-wattage on-demand vaporizers!™ are 
more satisfactory for large samples. Metal 
capillaries heated by low-voltage current are 
excellent provided that the sample is injected 
uniformly into the column. To avoid thermal 
cracking of the collected materials by thermal 
conductivity detectors, and to avoid the large 


gas flows, it is best to bypass a small part of 
the effluent through the detector and thence 
to waste; this technique also allows the use 
of other detectors which would destroy the 
sample. 

One point to which particular attention must 
be given is the possible contamination of 
collected material by volatilization of either 
the liquid phase on the column or of its de- 
composition products®?:11°:195.334_  Tnsufficient 
heating of vapour transfer lines may also result 
in cross contamination of samples. 

The collection of samples from a gas 
chromatograph is often complicated by super- 
saturation on cooling, which results in fog 
formation and entrainment of the solute. 
Klinkenberg!*® has suggested the following 
methods to prevent this — cooling in several 
steps, starting with a superheated vapour, using 
an adsorbent or absorbent, supplying extra 
heat while the gas is being cooled, and en- 
suring turbulent flow in the collector. Other 
methods employed include the use of electro- 
static precipitators'!:?°° and the condensation 
of the emerging vapour after being mixed with 
a suitable solvent'’®. Combined sample collec- 
tion and scintillation detection has been de- 
scribed by Lowe and Moore??? who used a 
circulating liquid phosphor, and by Karmen 
and Tritch'*? who used anthracene as both 
collector packing and scintillator. 


7 PROCESS CONTROL BY GAS 
CHROMATOGRAPHY 


Although gas chromatography generally pro- 
duces only an intermittent analytical record, 
it has found wide application in process con- 
trol. This has been due partly to the detailed 
direct information it gives and partly to the 
ease of maintenance and low down-time, of 
the order of 1%, and hence high reliability. 
In these respects the method is superior to 
both infra-red spectroscopy and mass spectro- 
metry which it is replacing for many purposes. 
Moreover, with the recent development of 
high speed gas chromatographs (see Section 
5.3), the instrument time lag has now been 
reduced in most cases considerably below that 
of the sampling system. 

In common with other on-line analytical 
techniques, particular care is necessary in the 
installation of sampling lines and sample clean- 
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Pup equipment (see e.g., ref. 12) on which the 
ultimate accuracy depends. The problems re- 
_ lated to the gas chromatograph itself are the 
_ Selection of a suitable column, the reliable 
_ metering and introduction of samples to. the 
column and the maintenance of long term 
stability with adequate sensitivity. In addition, 
_ the final results must be presented in an easily 
_ understood form. 
The column selected must not only give 
adequate separation of the components of 
interest but must sustain its initial performance 
Over an extended period. This is necessary to 
maintain adequate resolution and constancy of 
retention times for timer-controlled peak selec- 
tion and for peak height measurement, both 
of which are usually employed. Partition 
columns must therefore be packed with a 
relatively non-volatile material which is not 
slowly eluted from the column, and many 
columns used for laboratory analyses are un- 
suitable for process instruments. Adsorption 
columns require close control of carrier gas 
humidity and must be protected from build-up 
. of heavy organic components which would 
affect the column performance; liquid modified 
‘ adsorbents are somewhat better in these re- 
spects. The use of multiple columns and back- 
flushing to remove unwanted heavy components 
is becoming standard practice on process 
control instruments. Long-term stability of 
retention times also involves close control of 
carrier gas flow rate and column temperature. 
The latter is usually controlled to within 
+0.1°C on process instruments and heat is 
supplied either by direct electrical heating or by 
the circulation of heated air*”’. 

A number of automatic gas sampling valves 
have been designed and these include the 
rotary type with flat sealing faces'**** or with 
a floating plug***, the linear valve*°’ and the 
diaphragm valve'™. The latter most nearly 
approaches the ideal valve and one form is 
shown in Figure 8. It features simplicity of 
construction, low dead volume, high speed 
operation, freedom from leaks even under 
high pressure operation and an almost in- 
definite life. It has been reported'”® that a 
valve of this type: still performed completely 
satisfactorily after 2 million cycles. 

Unfortunately, liquid streams are more diffi- 
cult to sample reproducibly than gas streams, 


due to the very small volumes involved. It is 
usually the practice to vaporize the liquid 
sample and then to use a gas sampling valve. 
Vaporization of the sample without fractiona- 
tion of the components may be achieved by 
passing it through a heated capillary tube. 
Reliable quantitative data are dependent on 
reproducible detector response, adequate cali- 
bration and stability of the recorder baseline. 
Standard gas mixtures are generally employed 
to check the calibration periodically and appro- 
priate adjustments can be made on this basis. 
Baseline drift of thermal conductivity detectors, 
especially when operating near their maximum 
sensitivity, is particularly troublesome. It has 
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Figure 8 Diaphragm-type gas sampling valve. (a) 
diagrammatic; (b) sectional view (not to scale) 


become standard practice to reset the bridge 
circuit automatically after each chromatogram 
has been recorded. Ionization detectors (see 
Section 8.3) offer a number of advantages over 
the thermal conductivity cell as they give more 
stable response over extended periods and 
much higher sensitivities with complete absence 
of baseline drift. Manufacturers of gas 
chromatographs have been slow to adopt ioni- 
zation detectors for process control instruments 
but they will be necessary if high resolution 
capillary columns are to be used for process 
control. 

It is generally not necessary to know the 
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concentrations of all components in a mixture. 
Selected peaks can be displayed in the form 
of a bar graph, thus conserving paper and 
leaving analysis trends visible for some time. 
However, although more expensive, multipoint 
presentation is clearer and is to be preferred. 
Print-out units are even more expensive and 
operate either on the basis of peak height or 
integrated area measurement. For automatic 
control, memory devices are necessary because 
of the intermittent data presentation, but few 
examples of direct control have been published. 

Gas chromatography has been applied to 
the analysis of a wide range of organic pro- 
cess streams and also to inorganic analyses 
such as the determination of the hydrogen/ 
nitrogen ratio in an ammonia synthesis plant’? 
and for the measurement of chlorine purity®®. 
An instrument which differs in a number of 
features from the usual process control gas 
chromatograph has been in use at the ICIANZ 
Ltd. polythene plant for about a year. This 
is equipped with a diaphragm-type sampling 
valve and a flame ionization detector (fully 
flameproofed) for the analysis of impurities in 
ethylene down to the part per million level. 
Sample size is only 0.3 ml. and the output 
has been presented on a logarithmic scale to 
avoid multiple attenuation changes for the 
different components. 


8 APPARATUS FOR GAS 
CHROMATOGRAPHY 


8.1 Sample introduction 


The repetitive injection of gas samples has 
already been discussed in Section 7. The re- 
producible introduction of liquid samples is 
more difficult because of the small volumes 
involved. Methods which are commonly used 
include the capillary pipette system of Tenney 
and Harris**! which is rapid and gives good 
reproducibility of milligram samples, the in- 
troduction of measured quantities of sample in 
thin glass capillaries which are subsequently 
broken*®.*#1, and the use of special hypodermic 
syringes. These include commercially available 
syringes of the Agla and Hamilton types**.325, 
Injection valves designed to overcome leakage 
at high pressures have been described by 
Scott”? and by Samsel and Aldrich?8? and an 
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interesting liquid sampler has been described 
by Adams?. 

Volatile components can be stripped from a 
non-volatile material by a flow of inert gas 


either through the sample or over the sample _ 


distributed as a thin film on a supporting 
material. Solid samples must be added either 
in solution or in the liquid state’. 

If an internal standard is used for quan- 
titative analysis it is not necessary to add an 
exact amount of sample to the column, but 
more than one standard may be required for 
a sample with a wide range of component con- 
centrations or elution times. Samples must be 
added evenly and without spreading to the 
column packing and additional heating of the 
sample inlet is generally required with liquid 
samples to ensure rapid vaporization (see e.g., 
ref. 261). When standard gas mixtures are 
made up in a gas blending apparatus (see e.g., 
ref. 123) correction must be made for non- 
ideality of the gases; correction factors for 
C, — C; hydrocarbons have been given by 
van de Craats®®. 

The very small samples generally required 
for capillary columns can be added to the 
column by a sample division system’!. This 
ensures rapid and reproducible introduction, 
and has so far shown no evidence of sample 
fractionation. 


8.2 Columns and stationary phase supports 


Granular packed columns are usually con- 
structed of glass, stainless steel or copper, but 
other materials**4° may be necessary with 
highly reactive samples. At high temperatures 
only glass may be satisfactory because of 
catalytic effects on the metal surfaces. 

Liquid stationary phase supports are gener- 
ally kieselguhr (Celite, Chromosorb) or crushed 
firebrick (C-22, Sterchamol). With regard to 
column efficiency it has been shown that there 
is little difference between narrow mesh frac- 
tions of Celite and C-22%7 but the firebricks 
are more adsorptive and may even result in 
isomerization or partial destruction of 
materials. Some improvement results from 
aqua regia washing>**:348, but even aqua regia 
washed Celite®*:?°3 and Chromosorb** show 
tailing with polar samples when coated with 
a non-polar or slightly polar liquid. Residual 
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components. 
Improved peak symmetry can be obtained 
by coating C-22 with a high percentage of 


~ silver252 or by adding a small percentage of a 


Wh: 


polar material to the support!”°. Silicone 


- coating of Celite with dichlorodimethylsilane 


: has been used to prevent thermal decomposi- 
tion of polyester stationary phases!®®, A 


petroleum-ether washed detergent base gives 
good peak symmetry with pyridines** and with 
more basic nitrogen compounds on addition 
of 10% potassium hydroxide®. Various in- 
active supports have been used (see ref. 125) 
to overcome peak asymmetry, but open sup- 
ports are unsatisfactory due to low efficiency 
caused by molecular diffusion and supports of 
low macroporosity give low plate capacities 
(see Section 3.3). Microporous supports are 
unsuitable due to slow diffusion in the liquid 
phase. 

Methods used for filling packed columns 
have been described by Keulemans*®, Rose?7® 
and others?“*. Tapping the column after pack- 
ing to consolidate the filling?** can sometimes 
give a column efficiency double that of a 
loosely packed column. Where possible the 
column should be vertical to prevent the pos- 
sibility of channelling. 

Capillary columns have been constructed” 
of stainless steel, copper, gold, glass, and 
nylon?*?. Best results have been obtained with 
glass columns™ and a hydrocarbon coating, 
and the high efficiency has been ascribed to 
the smoother internal surface of the glass 
capillaries. However, Zlatkis**° has reported 
that neither glass nor stainless steel coat as 
well as copper with polar liquids and also 
that nylon gives a poor coating. A device for 
drawing glass capillary tubing has been de- 
scribed by Desty et al."?. 

A variety of column heaters has been de- 
scribed and these employ either a circulating 
liquid or a vapour, or direct electrical heating 
of the column itself. The latter method is 
generally preferred for temperature program- 
ming since a low heat capacity can be 
achieved. Vapour heating gives the most uni- 


form temperature distribution down the 
column but air circulation heaters are more 
flexible and convenient. 


8.3 Detectors and data presentation 


A considerable number of detectors have been 
developed for gas chromatography and their 
characteristics have been discussed in some 
detail in a previous paper?**®. Thermal con- 
ductivity has been used mainly in the past 
but ionization detectors are now being used to 
a greater extent. The latter offer considerably 
increased sensitivity and stability and lower 
time constants and dead volume. These points 
are particularly important for capillary columns, 
for which small samples and low gas flow 
rates are necessary, and in high-speed gas 
chromatography. Two ionization detectors 
have been used extensively for organic materials 
with both packed and capillary columns. These 
are the -ray/argon detector developed by 
Lovelock?**:?"5 and the flame ionization detec- 
tor developed by McWilliam and Dewar?*®*. 
For high sensitivity with most inorganic 
materials other detectors must be used19°181,260, 

Detector sensitivity is of particular impor- 
tance and can best be expressed independently 
of column conditions in the form of the de- 
tection limit equivalent to the background 
noise. If the noise is measured on a peak to 
peak basis and includes 95% of all noise 
peaks (u, see below), the probability of a noise 
peak exceeding twice this value, will be less 
than 1 in 10,000*. 

The detection limit should be given on a 
concentration basis (ug/ml.) when the signal 
output is unaffected by the gas flow rate as in 
the case of most non-destructive detectors, or 
on a time basis (ug/sec.) when the signal is 
proportional to the mass flow rate, e.g., for 
ionization detectors whose ionization efficiency 
is independent of flow rate. In the former case 
the peak height remains constant with change 
in carrier gas flow rate, in the latter case the 
peak area is constant. Detection limits obtained 
from published data are given for a number 
of detectors in Figure 9 together with the 
approximate linear ranges. The detection limit 
of thermal conductivity detectors is generally 
determined by temperature stability, whereas 


*If the noise were of a single frequency, f/2, the probability of a noise peak exceeding the equivalent 
sample size u/f with a base width of 1/f would be 4 in 10”. 
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ionization detectors are virtually unaffected by 
temperature. However, it should be noted that 
the absolute sensitivity may still be affected by 
temperature, and figures given for the B-ray/ 
argon detector**” show that a temperature 
stability of +0.8°C is necessary for quantita- 


Figure 9 Detection limits 
and linear ranges of various 
detectors (values obtained 
from references shown) 


Flame ionization 


B- ray/argon (triode)? 


molar percentages. More recently it has been 
shown that the response can be calculated on 
the basis of molar response within structurally 
similar homologous series, with an additional 
factor for the structural type???,44. Present 
indications are that a similar scheme will be 
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tive reproducibility of +1% (the corresponding 
temperature stability required for the flame 
ionization detector is only +3°C*8"), The 
ultimate detection limit, jo, of an ionization 
detector of the differential type which is 
limited by the statistical noise of the back- 
ground ion current, 7), can be calculated from 
the equation given by Schiff and Evans?** for 
the expected fractional standard deviation of 
the ion current measurement. This leads to 
the expression 


fo = 1.61 & 10° (M/f,)T./27)3 pg/sec. (18) 


In the case of the high sensitivity ionization 
detectors, jo is generally determined in prac- 
tice by the contribution to Jy of the relatively 
volatile liquid “stationary” phases. 

The response of thermal conductivity detec- 
tors using hydrogen or helium as carrier gas 
has been variously correlated with weight and 
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necessary for the 6-ray/argon and flame ioni- 
zation detectors in the low molecular weight 
region, the responses approaching a constant 
value on a weight basis (M/f, constant) at 
higher molecular weights. Relative response 
factors for thermal conductivity cells with 
nitrogen as carrier gas have been given by 
Jamieson!*®, 

Most detectors at present in use are linear 
over a restricted range of about 1,000 to 1 
(see Figure 9). For the determination of trace 
materials, high sensitivity detectors linear over 
a wider range are of great value since the 
impurities can often be measured by internal 
normalization on the main peak. Although 
the B-ray/argon detector is basically non- 
linear, the response can be made linear over 
a considerable range by use of a limiting 
resistor or by spacecharge effects224. The flame 
ionization detector has a basic linear response 
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_ Over a range of about 10° to 1. The upper 


limit appears to be determined only by 
inefficient ion collection which may result from 


either too low a voltage between the upper 


electrode and the jet, or by too small a solid 
_ angle subtended at the jet by the upper elec- 


trode***. Proper design of the unit gives a 


-iinear response to well above 40 jg/sec 


xa 


(5% component in the carrier gas stream 


at 40 ml./min.). 


A simple impedance conversion circuit for 
use with the single-jet flame ionization detector 
is shown in Figure 10. The eleven sensitivity 
settings in successive factors of three and ten 
give a range of 100,000 to 1 for full scale 
deflection (this would be only 1,024 to 1 if 
‘successive factors of two were used). Com- 


pensation for the +10% tolerance on high . 


value resistors can be made by shunting the 
recorder input with a series of preset poten- 
tiometers corresponding to the various sen- 
sitivity settings. 


ME 1401 


Figure 10 Impedance conversion circuit for flame 


ionization detector 


Peak distortion resulting from detector 
volume and time constant has been discussed 
in Section 3.5. The restrictions are particularly 
stringent for capillary columns and high speed 
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chromatography, and both the £-ray/argon 
detector and the flame ionization detector are 
suitable for these applications. Detector time 
constants appear to be of the order of 10° sec. 
or less in each case“and the effective detector 
volumes are approximately 1 pl. and less than 
0.1 pl. respectively. A small thermal conduc- 
tivity cell with a volume of only 3 yl. has been 
reported by Sasaki?** and fast response can 
be obtained?** by the use of fine wire or flake 
thermistors. Very rapid response can be ob- 
tained by varying the wire current to maintain 
a constant wire resistance. Peak distortion may 
also be caused by non-linearity of the detector 
response. 

The problem of displaying a wide range of 
sample concentrations on a recorder of limited 
width is not confined to gas chromatography 
and scale multiplication systems commonly 
used for mass spectrometry are often employed. 
These include automatic range change devices 
operated by the recorder, either to return the 
pen to zero for the next range or by reversal 
of the recorder direction with change in sen- 
sitivity. The somewhat untidy chromatograms 
produced by the above methods and the neces- 
sity for range changing can be avoided by using 
a logarithmic or other non-linear scale. 

Data processing systems to handle large 
numbers of samples have also been well de- 
veloped for mass spectrometry. However, these 
are based on peak height measurements which 
may not always be satisfactory for gas chroma- 
tography where the peak area is the funda- 
mental quantity. Various forms of integrators 
for automatic area measurement have been 
described, and these are based on either 
mechanical ball and disc integrators (which may 
be coupled to a pen-pipping system?°* or a 
digital print-out unit!?!), their electrical 
equivalent'!’, integrating motors® or a fre- 
quency shift system*. 


9 INDEX TO RETENTION DATA 


The table lists for each reference the number of 
compounds, the carbon number range, stationary 
phases and temperatures, and type of data given. 
Numbers 0-9 (see below) show other compound 
types for which the reference gives data on the same 
stationary phases. Abbreviations used for stationary 


phases are given at the end of the table. Where only 
the number of stationary phases is given due to in- 
sufficient space, a complete list will be found under 
the reference number prior to the stationary phase 
abbreviations. 
Compounds are the order: 1 


listed in acetals, 
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acids; 2 alcohols; 3 aldehydes, ketones; 4 amines; 
5 aromatics; 6 esters, methyl esters, methyl amino 
esters; 7 ethers; 8 paraffins and cycloparaffins, olefins 
‘and acetylenes; 9 phenols; 0 halogenated compounds, 
N-containing compounds (other than amines), S- 
containing compounds, miscellaneous compounds, 
non-hydrocarbon and light hydrocarbon gases. 

The following abbreviations are used in addition 
to those for stationary phases (no symbol in column 
“d” implies (relative) retention time or volume) : 


66 09> 


only, “C” log retention v. carbon number, “g 
generally, “I” retention index (see Kovats’”.), “K” 
partition or activity coefficient, “I” log retention 
time, “T” log retention v. 1/T, “TP” temperature: 
programmed v. various, “V,” retention volume per 
gram of stationary phase,* incomplete data for some 
phases or temperatures listed. 

References 209 and 210 contain retention data 
from the following references: 209 — 3, 42, 43, 74, 
M1, 126.146, 048; 150, 191, 1585262, 51355339 and 


“b” log retention v. boiling point, “c” chromatogram 210 — 18, 23, 164, 185, 272. 


No. C.No. No. C.No. 1234567890 Stationary Phases 1 d_siref. 
Acetals 
6 3-6 23.678 0 HEGDE,ODPN 70 185 
4 3-7 23 5678 (14) g100 320 


Acids (s-saturated only, u-unsaturated only) 


14s 1-12 DC550 — stearic acid 100, 137 150 
9 s 2-10 DC550 — stearic acid 137 122 
6 s 1-4 23456789 (6) 50, 100, 150 272 
8 1-5 DOS — sebacic acid 150 273 
Alcohols (a-aromatic incl., c-cyclic incl., p-primary only, s-primary and secondary only) 

8 1-5 kG DNP 80 c 274 
8 s 1-5 BDP we) ic 147 
11 1-6 3 Diglycerol, DNP 562 192. 
See peee-16 6 DC silicone grease v,94-220 ts 
Sioars 1-5 56 DC702,TTP 30°80)" Shee? 3 
4 p 1-4 3 6.8 Hyvac oil, TCP 25 1 214 
17* 1-6 3 8 DIDP,Triol* 10507 Ke so 
7 3-5 8 DIDP V,. 752135, 3 Kae 26s 
5 p 1-5 3 56 8 MPEG,PEG,PPG 100" Vv: 3 
8 1-5 1 3 5678 (14) g100 b 320 
5 1-4 S6rs Hexadecane 25,740. . Ko 205: 
18 1-8 (incl. glycols) 1 3456789 (6) 50, 100, 150 272 
9 1-4 3 5678 PW.TTP 100 129 
14 1-10 34 AL,Emulphor O 130, 70 or 190 I 199 
Se acs 5-9 3 5678 0 AL,Emulphor O 130, 70 or 190 I 330 
12 s 3-8 345 8 AL, Metal stearates 156 13 
5) p 10-18 PEG monostearate 225 Cc 219 
8 1-4 1 34 678 HEGDE,ODPN 70 185. 
6* 1-4 3 5678 DNP,PEG; Hyvac oil 70; 40 K 243 
8 1-5 3 5678 (8) 100 287 
7 Ss 1-5 3 Phenylnaphthylamine 100 329 
6 S 2-4 Armeen SD 88 341 
10 4-7 345 8 Metal complexes 100 or 130 V “49 
20 2-9 5 80 DOT-TTP,TOT-TTP 100 é 239 
O* 2-8 3 5678 0 AL,BDP,DIN 79, 100; 150. V 44 


5 


Aldehydes, Ketones (a-aromatic incl., c-cyclic incl., m-methyl only, n-normal only, u-unsaturated incl.) 


9 2-7 2G DNP 78 Cc 274 

3 3-6 2 Diglycerol, DNP 56? 192 

tl 5-10 PW 150 715 

3 n 2-4 3 m 4-5 2 — 68 Hyvac oil, TCP 25 ] 214 
3-5 2 8 DIDP,SQ*,Triol* 105 K dS, 

3) 3-6 2 56 8 MPEG,PEG,PPG 100 V 3 


g* 78) DC3550,DCP,Pluronic F68,PW,TTP 110 130 


Esters (s-saturated only, u-unsaturated only; acid carbon numbers in brackets) 


fo. C.No. No. 
m4> n 2-5 Sys ae 
2 2-3 3 
m4 u 34 #6 ¢ 
x 4 
s 1S 
LO" =n 2-10 
gy a 7-8 ae ac 
o> # c 
=o)6h6UtC-4 5 
7 2° 2-3 4* 
4 n 2-5 4 
SE ian 
3 
4 2-5 
GF cm 
ma 4* a 3-7 292 c 
Amines 
4 m 03 
27 1-12 
GO*-- a 6-11 
2 p 3-4 
WSF a 4-12 
4 a 6-7 
10 2-9 
28 a 7-10 
* Aromatics 
o* 6-11 
6 6-8 
1 6-9 
24 12-20 (2 rings) 
5 6-9 
J 6-8 
6 6-8 
18 6-16 (1-4 rings) 
5 6-10 
4* 6-8 
7% 6-8 
6 6-8 
9 6-9 
5 7-8 
r3* 24-36 (4-6 rings) 
6 6-8 
51 7-12 (1-2 rings) 
192 6-10 
3 8 
4 7-9 
2 6-7 
7 6-9 
27* 6-14 (1-2 rings) 
8 6-10 
5 6-8 
41* 6-11 (1-2 rings) 
13 S 3-6 (1-4) 
7 s 3-6 (1-4) 


S217 12 
3-5 2 
3-6 12 
2-6 2 
3-8 

2 
3-1] 2 
3-7 2 
Sey, cg 2 
3-5 2 
3-7 2 

17-27 

3-4 

2 
5-9 2 
3-9 Z 


LZ 


McWilliam — Gas Chromatography 
C.No. 1234567890 


5678 
6 8 
456789 
5678 


4 
5678 0 
45 8 


45 8 
45678 


0 
0 
3.567890 


235)» 8.20 


2 


2 


12 


192 
2 


2 


eZ 


ae! 
35008 0 
0 


39.6.8 
8 0 
3 678 
8 


34 6789 
3 LOis 


3 678 0 


3 


Stationary Phases 
(14) 

Hexadecane 

(6) 

PW,ITP 

DNP 

AL, Emulphor O 
AL, Emulphor O 
AL, Metal stearates 
HEGDE,ODPN 
DNP,PEG;Hyvac oil 
(8) 

E301 
Dibutylphthalate 
Phenylnaphthylamine 
Metal complexes 
AL,BDP,DIN 


(7) 

Lubrol MO,PO 
BDP,Lubrol MO,PW 
(6) 

AL, Metal stearates 
B34 

Metal complexes 
DC710 


DC702,TTP 


BDP, Lubrol MO,PW;Octadecane 
DNP,MPEG,Nujol,PEG,PPG,TXP 


AM 
MPEG,PEG,PPG 
DNP,MS550,PO,TCP 
BDP,Hexatriacontane 
DC silicone grease 
(18) 
NCie,NC4,NC35,8Q 

(6) 

PW,TTP 

DOP 
BDP,Benzoquinone,SQ,TTP 
Polyphenyl tar 
BDP;CIN,DMS,ECN 
AL 

AL, Emulphor O 
B34 

AL, Metal stearates 
DNP,PEG;Hyvac oil 
(8) 

AL, Detergent 
Metal complexes 
DOT-TTP,TOT-TTP 
AL, BDP, DIN 


DNP 
DC702,TTP 


°C 

g100 

25, 40 

50, 100, 150 
100 
60-100 

130, 70 or 190 
130, 70 or 190 


100 
100 or 130 
75, 100, 150 


(a-aromatic incl., m-methyl only, p-primary only, s-primary and secondary only) 


v, 65-100 
100 

137 

50, 100, 150 
156 

200 

100 or 130 
200 


30-80 
795265 
120 


375, 430, 445 
100; 50 

150, 200 
130, 70 or 190 
80 

156 

70; 40 

100 

245 

100 or 130 
100 

75, 100, 150 


7) 
60-130 


d 
b 
K 
Vv 


I 
I 


g 


ca i 


Ko 


Load 


‘ 


- \ 
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No. C.No. No. C. No. 1234567890 Stationary Phases t 6, d ref. 
4 s 3-6 (2) 23 8 Hyvac oil, TCP 25 1 214 
3 s 4-6 (2) 2355558 ‘MPEG,PEG,PPG 100. NZ 3 
14 6 (1-4) 123 780 HEGDE,ODPN 70 185 
6 s 3-6 (1-2) 12379978 (14) gl100 b 320 
Mes Ses eS) 23 8 Hexadecane 25,40 K «205 
23 2-10 (1-8) 12345 789 (6) 50, 100, 150 Zhe 
12 s 2-6 (1-4) 2355818 PW,TTP 100 129 
6 s 7-13 (3) Silicone oil (L 46) 220 c 322 
50 s 2-9 (1-4) 23 5 78 0 AL, Emulphor O 130, 70 or 190 I 330 
3 2-4 (1) 23 5 78 DNP,PEG FO CoS Le 2as 
4 3-6 (2) 23 5 78 (8) es 100 287 
9 s 3-6 (1-2) 35 778 Dibutylphthalate 25 88 
14 3-7 (1-5) PEGA,DC550-stearic acid 80 yah 
DD u 4-14 (2-12) (12 — mostly polyesters) 141 174 
a us: 14-24 (12-22) PEGA , 250 174 
lies ss 3-7 (1-6) 23 578 0 AL,BDP,DIN 75,100 V, 44 
Esters—methyl (s-saturated only, u-unsaturated only; acid carbon numbers given) 

Se eS 2-6 o2 DC silicone grease 84, 100 75) 
5 s 10-18 2 DC silicone grease 218.250 7% 
27 5-18 AM, Lube oil extract 197 151, 154 
12 s 1-6 BDP,DOP,PW;DOP,PO 100; 79 151 
8 s 6-20 (dicarboxy) AM, Lube oil extract 197 154 
9 s 6-18 DC silicone grease 150-250 251 
8 s 3-10 (dicarboxy) DC silicone grease 150-240 251 
44 u 12-24 AM, Reoplex 197 309 
12 8-22 Reoplex 240 Ve 254 
9 s 18-34 E301 295 193 
mi 10-20 DC silicone grease, PEGA-PEGS 210 Gc 57 
7 s 2-5 (mono, dicarb.) DDP,DNS,DOA,PEG dioctanoate 150 270 
4 4-8 (dicarboxy) PEG dioctanoate, Flexols (2) 190 270 
11 8-20 PEGS 210 287 
36* 8-26 AL,PEGS, Silicone grease g200 V Sh, 
40* 5-22 AL:PEGA 197; 180 149 
9 s 5-10 3 E301 E50) = Gale 29 
11 Silia-25 3} E301 265 Cl249 
18 8-20 AL (capillary) 240 22K 
11 12-26 PEGS 203 220 
14 8-22 Reoplex 200 255) 
16* 16-20 AN;PBS,PEGA, Reoplex DIOS 225 140 
Esters—methyl amino- 

8* 3-9 Silicone oil— Na capronate V c 19 
8 2-6 DC550 Te c 215 
Ethers (a-aromatic incl., am-arylmethyl, c-cyclic incl.) 

4 4-8 123 56 8 (14) 2100 b 320 
En aig 123456 89 = (6) 50, 100, 150 272 
IS a 9-12 (trimethylsilyl) DBTCP,DC550 EAST AV 207 
5 Cc 4-8 23 56.8 PW, oP 100 : 129 
Damien 7-10 4 D0 Gens) v, 140-190 91 
7 a 4-10 23 56 80 AL,Emulphor O 130, 70 or 190 I 330 
5 2-8 123 680 HEGDE,ODPN 70 185 
4* 2-6 23 56 8 DNP,PEG;Hyvac oil 70:40) * Ke 9943 
3 4-8 23 56 8 (8) 100 287 
p) 4-6 SGus Dibutylphthalate 25 88 
1st ac 4-10 23 56 8 0 AL,BDP,DIN TOS 1OOM SOREN 44 
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C.No. No. C. No. 1234567890 Stationary Phases °C d 
_ Paraffins and Cycloparaffins, Olefins and Acetylenes (a-acetylenes incl., c-cyclic incl., n-normal only) 
€ 1-5 4* a 2-4 Charcoal, Silica gel 20, 80 
5 c 1-4 9 a 2-4 AA,Ag-Glycol, Triisobutylene 20 
11 fe 5-7 DOP = 65 
c 5-10 13* 5-8 = BDP,Lubrol MO,PW;Octadecane* 79; 65 
6 cm 6-10 7 c 6-10 3) DNP,MPEG,Nujol,PEG,PPG,TXP 120 
5 1-4 5 a 2-3 0 Charcoal, Silica gel 20, 80 Ve 
<7 1-5 15 a 2-5 DMS;DIDP 0; 35 
a3 c 5-6 3 c 5-6 1.5% SQ-P 40 
BS 6 17 6 DDP,DTFP 20 
7 Cc 3-7 23 6 Hyvac oil, TCP 25 1] 
14 c 5-9 3 6-8 23 DIDP,SQ*,Triol* NO Steeike 
8 c 5-9 2 DIDP,SQ* Van 5-1355 7K 
ELes Cc 1-6 6* 2-4 (6) v, 0-100 
5 n 5-10 23 56 MPEG,PEG,PPG 100 V, 
vn c 3-6 iF, 3-5 Methyl Carbitol,DMS 0 
She 2-7 Gh ra 2-4 (9) 20, 80 V, 
4 n 6-10 5 DNP,MS550,PO,TCP 100 
ie = C 2-5 137 a 2-5 DMF;DNP 0; 40 
61 (© 4-10 14 es 5-8 5 0 BDP,Hexatriacontane 719 
19 c Soitiy GAL RG. Sey 123q567) (18) gl00 b 
abe ke 5-6 cee oC 5-6 (7) Ps) AK 
25 c 5-7 ODPN,3 %SQ;1.5%SQ-P 2S c 
a7 Cc 5-10 PW;1.5%SQ-P 150; 100 
9* ¢ 5-7 SQ-IQ,Quinoline-brucine D5 c 
7 2-5 7 2-4 DMS OF VV; 
4 c 5-6 23>) 6 Hexadecane 25,40 K 
14* G 4-8 4* 6-8 5 NCi,NCis,ACxu,NnCss5,8Q,TCB Vs 30-135 K 
10 4-8 1234567 9 (6) 50, 100, 150 
7 5-8 23 S67 PW,TTP 100 
21 Sap? aS e 5-9 23 567 O AL,Emulphor O 130, 70 or 190 
8 6-12 2345 AL, Metal stearates 156 
5 Cc 6-10 123 67 0 HEGDE.ODPN 70 
10* 27 235567, DNP,PEG;Hyvac oil 70; 40 K 
6 D5 7 a 2-4 DMS (0) 
8*._¢ Dey 14* a 2-5 AA,Decalin 21 ] 
12% 2-8 Ag-Glycerin,Ag-Glycol 50 
19* c¢ ae 18 a 2-6 23) 567, (8), DMS (50° only) 50, 100 
23 c 1-7 a-naphthylamine 50 c 
11 10-22 AL Dy PO), BIG (CS 
a 1-5 8 a 2-4 Alumina-water or silicone oil 16 
6 2-5 6 2-4 DBT,DMF,MS,Alusil 20 
8 c 6-7 Ag-Glycol 30 
4 Cc af Ag-Glycol 30 
6 Cc 4-7 235 AG. 225 Ag-Benzylcyanide, DMS 1529208) 35 Ve 
3 1-3 3 2-3 Silica gel 50 
De 9 GC 2-9 22* Be Dibenzyl ether, DBM,DC550 46 
4 3-4 5 4 DMS,ODPN,Tetradecane, TTP PLS) c 
35 c 4-10 Saou Dibutylphthalate 2S) 
38 2-7 13740103 4EIN = © 
st LC 5-24 5 0 AL, Detergent 245 Ve 
5 4 PC-GN 23 c 
12 Bell 16 a 2-6 Hexamethylphosphoramide @), 205 3S Ve 
15 Wea E301 220 C 
DATE IC 1-7 6/*e ac 2-7 DDP,DMS,ODPN,PO,TTP v, 25-55 
5 4-6 10 4-6 IQ 2S) 
4 8-11 4 n 8-11 2345 Metal complexes 100 or 130° ~V. 
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No. C.No. No. C. No. 1234567890 Stationary Phases °C d__siref. 


10 c 6-14 5 1p OR ys) 0 DOT-TIP,TOT-TTP 100 239 
QIKS 9c. held 24 c 5-14 23 567 0 AL,BDP,DIN 75, 100,150, “We 44 
‘Phenols 

36 6-10 DDP,DC silicone grease g150 23 4% 
30 6-10 AL 135, 155, 183- Vo ae 

4 6-8 12345678 (6) 50, 100, 150 212 
17 6-9 DOP 160 183 
47 7-15 7 AL,DDPS, Detergent 150-250... V, 91 
i* 7-10 7 (15 —see reference) v, 140-190 x 91 
12* 6-9 (dihydric) 7 AM; E301 190; 180 91 
13 6-8 MS-DNS * ° 175 301 
19* 6-10 (15 — mainly sugars) v; 150-190° Wo Ihe 
13% 6-14 (dihydric) (6 —see reference) v, 190-230 V, 168 
24 6-9 AL, Silicone grease 165 203 
4 6 45 B34 200 141 
Halogenated compounds (a-aromatic incl., c-cyclic incl.) 

8 1-5 (11) PW 100 c 147 
18 1-2 (1-5Cl) PO 100 14 
23* a 6-8 (0-11,Br,0-2F,Cl) amines BDP,Lubrol MO,PW 137 148 

o* 1-2 (0-2F,0-3Cl) Charcoal, Silica gel 80 = i160 
6 0-3. (1-4Cl) silanes Nitrobenzene 25 95 
10* 1 (0-3F,0-3C1) (8) v, 20-137 ~ 262 
26 1-5 (1-4Cl) DNP,.MS710,PO,TCP 35.47 126 
6 1-2 (1-4F,0-3Cl) Hexadecane 20? c 278 
i) 1-3. (1-4Cl) HEGDE,ODPN 70 185 

9 1-3 (1-4Cl) (6) 50, 100, 150 22 
23 2-6 (1-2Br) Silicone oil, Tween 60 £e b 233 
11* 6-7 (1-3Cl) phenols, anisoles AL,BDP,DC703,DDPS,Zn stearate 2190 91 
4 4 Goh) DIDP 65, 85 328 
22 1-6 (0-1Br,0-4Cl) AL,Emulphor O 130, 70 or 190 I 199 
19 ac 5-8 (0-11,Br,F,0-2Cl) AL,Emulphor O 130, 70 or 190 I 330 
12 1-3 (1-4Cl) PW 90 328 
18* 1-2 (0-3Br,0-4Cl) DNP,Glycerol,Silicone 702 v, 20-100 K 124 

3 1 (2-4Cl) Water v, 23-27 K 124 

5 1-2 (3-6Cl) DOT-TTP,TOT-TTP 100 239 
N-containing compounds (a-aromatic incl., c-cyclic incl.) 

6 5-8 pyridines DC550,Lubrol MO,PO ey 146 
16 5-8 pyridines (6) 2120 43 

8 phosphonitrilic chlorides E301 205) 03 
Pa a 7-9 aromatic nitro- DC710 200 176 
oy] 8-20 nitriles PEG monostearate 226 Or 7) 
14 tobacco alkaloids PBG,PEG,PPG g190 269 

8 1-4 nitroparaffins AT,Lubriseal,Wemco C 97 or 128 25 
“if a 2-8 nitriles AL,Emulphor O 130, 190 or 70 I 330 

oe ac) Je/ nitro-= AL,Emulphor O 130, 190 or 70 I 330 

8 1-5 nitrites DC silicone grease 70 or 100 “78 
ibs) 5-9 pyridines (11) 1308 Vi 64 
4 2-4 nitriles PEG; Polyester succinate 70; 100 > 230 
6 5-7 pyridines Metal complexes 100 oe 130 49 
4* a 2-7 nitriles AL,BDP,DIN 45-100 ee 

5 4-7 pyrroles AL,BDP,DIN 75, 100 Vv. 44 
S-containing compounds (m-mercaptans, s-sulphides, t-thiophenes) 

: i Ae Sree Hexatriacontane 79 74 

/ 40 c 281 


Stationary phases not listed in table: 43—glycerol, 
Nujol, PEG, Silicone M430, triethanolamine, TXP; 
64—-AL,DC703, DC silicone grease, Detergent, di- 
phenylphthalate, monohydroxyethyltrihydroxypropyl- 
ethylenediamine, Octoil, Ocroil-S, LOeSOMmIGCE2 91 
—AL, BDP, Detergent, glycerylmonostearate, Para- 
plex G-50; 153—DC550-Hendecanol, glycerol, Hen- 


decanol, Hendecanol-PO, PO; 161—charcoal, di- 


C.No. No. C.No. 1234567890 Stationary Phases °C Od |sref. 
mst 3-7 TGP v, 65-101 6 
ms 1-7 DNP : S05 Ve, 02 
ge ae 10 isulphides AM,PEG,Reoplex 150° Vae=ap 
mt 3-5 IDPN, White oil ga hse 
mt 2-10 SQ TP 312 
S0eeeL)-11 Detergent 265 MVE 2, 
529" st 4-7 AL,BDP,DIN 75, 100 Ne 44 
Miscellaneous compounds 
4 4-9 peroxides DNP 78 1 
5 10 terpenes PEG 177 24 
4 0 boron hydrides (2-5B) PO 27 c 184 
Bt: terpenes, related comps. Silicone grease-capronates 160, 187 18 
5 9-10 methyl glycopyranosides AM 170 234 
21 ester-type plasticisers Apiezon oil K 283 213 
10 7-14 antioxidants PPG, Silicone 200 169 
11 10 __ terpenes DC550,TCP 100. V,. - 216 
6 2-4 oxides HEGDE,ODPN 710 185 
' 8 6-14 pesticides DC silicone grease 240 54 
21 silanes (1-8Si) Silicone 702 110 Ve 33 
8 10 terpenes AM 122 333 
41 10-36 natural products 4% AL v, 100-228 85 
zt 13-14 ionones, methylionones AL 180 or 195 59 
6 3-12 diboranes (1-2B) PO 60-100 V0 293 
4* 0 metal chlorides Octadecane,SQ © 100, 150, 200 Ve 186 
10 gl0 mint oil constituents PEGA,SAIB 120, 145, 170 ve 298 
Non-hydrocarbon and light hydrocarbon gases (p-method of preparing stationary phase described) 
© Hz,CH,,CO2,CeH;,C-Hs carrier gas— Ne Charcoal 40 c 2a 
He,N2,CH, CO: Charcoal (p) 20 157 
CH,,C.H..CsHs CO, Silica gel (p) 20 157 
He,N2,02,CO,C,-C; (10) CO: Charcoal, Silica gel* 20, 85* 158 
He,Ne.A,Kr,Xe CO: Charcoal 20 159 
A,N-O,NO,CO,Kr,Xe,Ci-C:(5) CO:2 Charcoal (Pp) 20 ve 161 
Cle, Bre, Ie Ne2,COz Silica gel (p) v, 14-120 Ve 166 
He,02,N2,CHi,CO He Molec. sieve 5A (p) LOO Ce 206 
O:,N2,NO,CO,CO:,N:0 He Silica gel (p) v 316 
Nz,CIF,HF,Cls,ClF:,Bre,BrFs, UFs A Kel-F on PTFE 48 86 
A,Oo,N> Ne.H, Molec. sieve SA (p) 18 327 
N:,NO H: Molec. sieve 5A (p) 86 c 211 
He,02,Ne,CH.,CO A,H. Calcium zeolite (p) DD, Vi 165 
He,Ne,H2,02,N2 A Molec. sieve SA 20 Ve 202 
Nz,Kr,CHs H- Charcoal, Molec. sieve 5A 20 Vv, 202 
He,Ne,H2,02,A,Kr,Xe,CH, v. Charcoal, Silica gel, 5A Vv. 113 
He,Ne,H2,N2,02 A Molec. sieve 5A 2 Van 
A.O2,N> He Molec. sieve SA (p) Vv c 208 


butylphthalate, dimethylaniline, DNP (all on zeo- 
lite), Glauconite, Zeolites (Ag, Mn, Na); 197— 
DIDP, DMS, glycol, ODPN, SQ, SQ-P, Triol; 246— 
silicone oil, benzylbenzoate, diethyl- 
DMF, vacuum pump oil- 
hexamethylphosphoramide; 262—charcoal, dibutyl- 
phthalate, DNP, glycerol, PO, Silicones 702 and 
1107, water; 272—DC200, DDP, diethylhexylseba- 


alumina-2 % 
formamide-silicone oil, 


DGl-4, | 
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cate, fluorene-picric acid, PEG, tetraethyleneglycoldi- 
methylether; 287—AL, DC200, DC silicone grease, 
DDP, diethylhexylsebacate, DIDP, PEG, PEGS; 320 
—(AL), Convachlor-12, Convoil-20, DC703, Deer- 
gent, diphenylformamide, ethylhexylsebacate, 
(Fluorolube-S), IDPN, ODPN, (perfluorotributyla- 
mine), Polyglycols 166-450 and 174-500, PPG, (SQ), 
thiodipropionitrile, TCP. 


Stationary phase abbreviations: AA—acetonylace- 
tone; AL,AM,AT—Apiezon greases; BDP—benzyl- 
diphenyl; CIN-chloronaphthalene; _DBM—dibutyl- 
maleate; DBT — dibutyltetradecane; DBTCP — di- 
butyltetrachlorophthalate; © DCP—dicaprylphthalate; 
DDP—didecylphthalate; DDPS—diaminodiphenylsul- 
phone; DIDP—diisodecylphthalate;  DIN—dioctyl- 
ester of dinitrodiphenic acid; DMF—dimethylforma- 


mide; DMS—dimethylsulpholane; DNP—dinonylph- _ 
ri 


| 
o 
f 


thalate; DNS—dinonylsebacate; DOA—dioctyladi- 
pate; DOP—dioctylphthalate; DOS—dioctylsebacate; 
DOT—di-o-thymotide; DTFP—ditetrahydrofurfuryl- 


' 


| 


i 


| 


phthalate; ECN—ethylene carbonate nitronaphtha~ | 


lene; HEGDE—hexaethylene 
IDPN — iminodipropionitrile; IQ — isoquinoline; 
MPEG—methoxy PEG; MS-DNS—methyl silicone 
oil-dinaphthylsulphone; ©ODPN—oxydipropionitrile; 
PBG—poly butyleneglycol; PBS—poly butylenesuc- 
cinate; PC-GN—propylene carbonate-glutaronitrile; 
PEG—poly ethyleneglycol; PEGA—PEG adipate; 
PEGS—poly diethyleneglycolsuccinate; PO—paraffin 


oil; PPG—poly propyleneglycol; PW—paraffin wax; — 


SAIB—sucrose acetate isobutyrate; SQ-P—squalane- 
Pelletex; TCB—trichlorobenzene; © TCP—tricresyl 
phosphate; TOT—tri-o-thymotide; TT P—tritolylphos- 
phate; TXP—trixylenylphosphate. 


10 SYMBOLS USED IN TEXT 


A, B,C constants in HETP equation. 

a, b constants. 

C1, C2 “peak height” concentrations of sample 
components. 

‘fp fugacity. 

if fraction of molecules ionized. 

GLC gas-liquid chromatography. 

GSC gas-solid chromatography. 

H height equivalent to a theoretical plate 
(HETP) 

Io background current of ionization detector. 

j pressure gradient correction factor. 

K partition (or adsorption) coefficient. 

k’ ratio of fixed phase to moving phase 
capacity = Ky,/vq. 

M molecular weight. 

My, moles of liquid stationary phase per unit 
volume. 

mm, Mz molar quantities of components 1 and 2. 

N, N’ carbon numbers of solute and solvent. 

n total number of theoretical plates. 

p° vapour pressure of pure liquid. 

R gas constant. 

r apparent retention ratio = (Vp)>/(VR)1. 

absolute temperature. 
u linear carrier gas velocity. 


Vy volume of liquid stationary phase in column 
= ny, 

one gas holdup of column and detector as- 
sembly. 

Vx net retention volume = jV »’. 

Ven uncorrected retention volume (also Vi, V2). 

VR’ adjusted retention volume = Vp — Vy. 

Ye interstitial column volume per theoretical 
plate. 

Vy, liquid phase volume per theoretical plate. 

Vett effective plate capacity = vg + Kvy. 

a separation factor = (V,p’)2(V_")1 = Ke/K,. 

Yi Yp activity coefficients (7°;, y°, at infinite 
dilution) 

AG free energy of solution. 

AH, heat of adsorption. 

AH, apparent heat of solution. 

AH,E excess partial heat of solution. 

AH, heat of vaporization. 

AS entropy of solution. 

n fractional band impurity. 

mn detection limit based on 95% of noise peaks 
(ug/ml or yg/sec.). 

standard deviation. 

T time constant of detector and associated 


equipment. 


oh 


glycoldimethylether; — 


i 


t 


11 REFERENCES 


Abbreviations 
Es V.P.C., London (1957)—“Vapour Phase Chromato- 


Ps 


oC; 


mcs.C.., 


graphy”, (ed. Desty D. H., Butterworths, 
London, 1957). 

Amsterdam (1958)—“Gas Chromatography”, 
(ed. Desty D. H., Butterworths, London, 
1958). 

Michigan (1958)—‘“Gas Chromatography”, 
(ed. Coates V. J., Noebels H. J., and Fagerson 
I. S., Academic Press, New York, 1958). 
Michigan (1959)—“1959 2nd Biannual- Inter- 
national Gas Chromatography Symposium”, 


_ (Instrument Society of America, Pittsburgh, 


fs.C.., 


1959) preprints. 
Edinburgh (1960)—‘Gas Chromatography”, 
(ed. Scott R. P. W., Butterworths, London, 
1960) preprints. 


Abraham, M. H., et al., Anal. Chim. Acta, 17, 
499 (1957). 

Adams, K. G., V.P.C., London (1957) p. 386. 
AM@ardy Es Re V.P-e> London’ (1957) p. 98: 
Adlard, E. R., Khan, M. A., and Whitham, 
B. T., G.C., Edinburgh (1960) p.-57. 

‘Adlard, B. R..- and Whitham, B. T., G.C., 
Amsterdam (1958) p. 351. 

Amberg, C. H., Can. J. Chem., 36, 590 (1958). 
Ambrose, D., ef al., G.C., Edinburgh (1960) 
p. 283. 

Anderson, D. M. W., and Duncan, J. L., 
Analyst, 84, 50 (1959), Chemistry & Industry, 
1662 (1958). 

Andronikashvili, T. G., and Kuz’mina, L. P., 
Zavodskaya Lab., 22, 1403 (1956). 

Armitage, F., J. Chromatog., 2, 655 (1959). 


. Atkinson, E. P., and Tuey, G. A. P., GC., 


Amsterdam (1958) p. 270. 

Ayers, B. O., G.C., Michigan (1958) p. 249. 
Barber, D. W., et al., J. Chem. Soc., 18 (1959). 
Barefoot, R. R., and Currah, J. E., Chem. in 
Cane Ct) 45eC1955))- 

Baxter, R. A., and Keen, R. T., Anal. Chem., 
S47 C1959): 

Bayer, E., “Introduction to Chemical Labora- 
tory Techniques” (Springer-Verlag, Berlin, 
1959), Vol. 10, “Gas Chromatography”. 
Bayer, E., Angew. Chem., 71, 299 (1959). 
Bayer, E., Kupfer, G., and Reuter, K. H., 
Z. anal. Chem., 164, 4 (1958). 

Bayer, E., Reuter, K. H., and Born, F., Angew. 
Chem., 69, 640 (1957). 

Beaven, G. H., James, A. T., and Johnson, 
E. A., Nature, 179, 490 (1957). 


. Bednas, M. E., aad~Russell, D. S., Can. J. 


Chem., 36, 1272 (1958). 


~ Benedek, PL ez al V.P:C. Londom (195) 


p. 359, G.C., Michigan (1958) p. 225. 
Bergmann, G., and Jentzsch, D., Z. 
Chem., 164, 10 (1958). 

Bernard, R. A., J. Assoc. Offic. Agr. Chemists, 
40, 915 (1957). 

Bethea, R. M., and Wheelock, T. D., Anal. 
Chem., 31, 1834 (1959). 

Beynon, J. H., Saunders, R. A., and Williams, 
ASE eS Clap LiUsiTe) 305 3/15 a (O59) 
Blundell, R. V., Griffiths, S. T., and Wilson, 
R. R., G.C., Edinburgh (1960) p. 272. 

Boeke, J., G.C., Edinburgh (1960) p. 253. 
Boer, F. E. de., Nature, 185, 915 (1960). 
Boer, H:, V.P.C., London® (1957) ps 169: 
Bohemen, J., and Purnell, J. H., G.C., Amster- 
dam (1958) p. 6; also Ann. N.Y. Acad. Sci., 
T2592 11959). 

Bohm, Z., J. Chromatog., 3, 265 (1960). 
Borer, K., and Phillips, C. S. G., Proc. Chem. 


anal. 


DOG .mloom (1959))E 


Bosanquet, C. H., and Morgan, G. O., G.C., 
Amsterdam (1958) p. 107, G.C., London 
(1957) apo: 

Bovijn, L., Pirotte, J., and Berger, A., G.C., 
Amsterdam (1958) p. 310. 

Bowman, R. L., and Karmen, A., Nature, 182, 
1233 (1958). 

Bradford, B. W., Harvey, D., and Chalkley, 
D. E., J. Inst. Petrol., 41, 80 (1955). ; 
Brennan, D., and Kemball, C., J. Inst. Petrol., 
44, 14 (1958); Petrol. Refiner, 37, 255 (1958). 
Brenner, N., and Cieplinski, E., Ann. N.Y. 
Acad. Seis, 72, .705\ (C1959). 

Brenner, N., and Ettre, L. S., Anal Chem., 
SiO eS C959) 

Brenner, N., et al., J. Chromatog., 3, 230, 235 
(1960). 

Brooks, V. T., and Collins, G. A., Chemistry 
& Industry, 921 (1956). 

Brooks, V. T., and Collins, G. A., Chemistry 
& Industry, 1021 (1956). 

Brown, I., Aust. J. Appl. Sci., 11, 403 (1960). 
Buzon, J., et al., Bull. soc. chim. France, 1137 
(1959). 

Carle, D. W., G.C., Michigan (1958) p. 67. 
Carruthers, W., Johnstone, R. A. W., and 
Plimmer, J. R., Chemistry & Industry, 331 
(1958). 

Carson, J. F., and Wong, F. F., J. Org. Chem., 
7484 WIS) (OMS) 

Cartoni, G. P., et al., G.C., Edinburgh (1960) 
[os Hn 

Cason, J., and Miller, W. T., J. Org. Chem., 
24, 1814 (1959). 


81. 


82. 


. Claesson, S., Arkiv. 


Chang, T. L., and Karr, C., Anal. Chim. 
Acta, 21, 474 (1959). 


. Cheshire, J. D., and Scott, R. P. W., J. Inst. 


Petrol., 44, 74 (1958). 


Kemi, Mineral. Geol., 
23A, No. 1, 1 (1946). 
Coulson, D. M., Cavanagh, L. A., and Stuart, 


J., J. Agr. and Food Chem., 7, 250 (1959). 


. Craats, F. van de, Anal. Chim. Acta, 14, 136 


(1956). 

. Craats, F. van de, G.C., Amsterdam (1958) 
p. 248. 

fe Craig Ba Mea and aMiurivae oN els Calne 


Chem., 36, 1297 (1958). 


. Cremer, E., Angew. Chem., 71, 512 (1959). 


Crisler, R. O., and Benford, C. L., Anal. 
Chem., 31, 1517 (1959). 
Dal Nogare, S., and Harden, 
Chem., 31, 1829 (1959). 


jee Anal: 


. Dal Nogare,.S., and Langlois, W. E., Anal. 


Chem., 32, 767 (1960). 

Dal Nogare, S., and Safranski, L. W., G.C., 
Michigan (1958) p. 117. 

Deal, C. H., et al., Anal. Chem., 28, 
(1956). 

Decora, A. W., and Dinneen, G. U., Anal. 
Chem., 32, 164 (1960). 

Decora, A. W., and Dinneen, G. U., G.C., 
Michigan (1959) p. 12. 


1958 


. Deemter, J. J. Van, Zuiderweg, F. J., and 


Klinkenberg, A., Chem. Sie? A cll 
(1956). 

Desty, D. H., Godfrey, F. M., and Harbourn, 
C. L. A., G.C., Amsterdam (1958) p. 200. 
Desty, D. H., and Goldup, A., G.C., Edinburgh 
(1960) p. 202. 

Desty, D. H., Goldup, A., and Geach, C. J., 
G.C., Edinburgh (1960) p. 000. 

Desty, D. H., Goldup, A., and Swanton, W. T., 
Nature, 183, 107 (1959). 

Desty, D. H., Goldup, A., and Whyman, 
B. H. F., J. Inst. Petrol., 45, 287 (1959). 
Desty, D. H., and Harbourn, C. L. A., Anal. 
Chem., 31, 1965 (1959). 

Desty, D. H., Haresnape, J. N., and Whyman, 
B. H. F., Anal. Chem., 32, 302 (1960). 
Desty, D. H., and Whyman, B. H. F., Anal, 
Chem., 29, 320 (1957), correction ref, 70. 
Dijkstra, G., Keppler, J. G., and Schols, J. A., 
Rec. trav. chim., 74, 805 (1955). 

Dimbat, M., Porter, P. E., and Stross, F. H., 
Anal. Chem., 28, 290 (1956). 

Downing, D. T., Krantz, Z. H., and Murray, 
K. E., Aust. J. Chem., 13, 80 (1960). 


Eng. Set, 


Drawert, F., and Kupfer, G., Angew. Chem., 
72, 33 (1960). 

Dubois, L., and Monkman, J. L., G.C., Michi- 
gan (1959) p. 96. 

Dupire, F., and Botquin, G., Anal. Chim. 
Acta., 18, 282 (1958). 

Duswalt, A. A., and Brandt, W. W., Anal. 


Chem., 32, 272 (1960). 
Eggertsen, F. T., and Groenings, S., 
Chem., 30, 20 (1958). 


Anal, 


88. 


89. 


“ 


90. 


OT. 


923 


93. 


94. 


. Eggertsen, F. T., and Knight, H. S., Anal. | 


/ 


Reviews of Pure and Applied Chemistry 


Chem., 30, 15 (1958). 

Eggertsen, F. T., Knight, H. S., and Groenings, 
S., Anal. Chem., 28, 303 (1956). 
Eglington, G., et al., Chemistry & Industry, 
955 (1959). ; 
Ellis, J. V., and Iveson, G., G.C., Amsterdam 
(1958) p. 300. 

Elvidge, D. A., and Proctor, K. A., Analyst, 
84, 463 (1959). 

Farrington, P. S., et al., Anal. Chem., 31, 1512 
(1959). 

Felton, H. R., G.C., Michigan (1958) p. 131. © 
‘Fischer, K. A., and Brandes, G., German 
patent 1,033,638 (1956). : 
Fitzgerald, J. S., Australian J. Appl. Sci., 10, 
169 (1959). 

Fitzgerald, J. S., Australian J. Appl. Sci., 10, 
306 (1959). 

Frank, J., and Jokl, J., Collection Czechoslov. 
Chem. Communs., 24, 144 (1959). 
Fredericks, E. M., and Brooks, F. R., Anal. 
Chem., 28, 297 (1956). 

Friedrich, K., Chemistry & Industry, 47 (1957). 
Friedrich, K., J. Chromatog., 2, 664 (1959). 
Gant, P. L., and Yang, K., Science, 129, 1548 
(1959). 

Gaulin, C. A., et -al., Chem. Eng. Prog., 54, 
(9), 49 (1958). 

Gerrard, W., Hawkes, S. J., and Mooney, E. F., 
G.C., Edinburgh (1960) p. 263. 

Giddings, J. C., et al., Anal. Chem., 32, 867 
(1960), Nature, 184, 357 (1959). 

Gil-Av, E., Herling, J., and Shabtai, J., J. 
Chromatog., 1, 508 (1958). 

Gil-Av, E., and Herzberg-Minyzl, Y., J. Am. 
Chem. Soc., 81, 4749 (1959). 

Gimblett, F. G. R., Chemistry & Industry, 365 
(1958). 

Gluechauf, E., Trans. Faraday Soc., 51, 34 
(1955). 

Glueckauf, E., G.C., Amsterdam (1958) p. 69; 
Ann. N.Y. Acad. Sci., 72, 562 (1959). 
Glueckauf, E., Barker, K. H., and Kitt, G. P., 
Discussions Faraday Soc., 7, 199 (1949). 
Gohlke, R. S., Anal. Chem., 31, 535 (1959). 
Golay, M. J. E, G.C., Amsterdam (1958) 
p. 36; G.C., Michigan (1958) p. 1; Nature, 
182, 1146 (1958). 

Golay, M. J. E., G.C., Michigan (1959) p. 5. 
Grant, D. W., G.C., Amsterdam (1958) ray MS TSHe 
Grant, D. W., and Vaughan, G. A., V.P.C., 
London (1957) p. 413. 

Grant, D. W.. and Vaughan, G. A., J. Appl. 
Chem., 10, 181 (1960). 

Greene, S. A., Anal. Chem., 31, 480 (1959). 
Greene) S) AS vand) Pushy Hew: Phys. Chem., 
62, 55 (1958). 

Gregg, S. J., and Stock, R., G.C., Amsterdam 
(1958) p. 90. 

Guild, L.,, Bingham,.S.,“and: Aulgue Gos 
Amsterdam (1958) p. 226. 


~ 


McWilliam — Gas Chromatography 


- Harrison, G. F., 


te) 


~ 


. Habgood, H. W., and Harris, W. E., Anal. 


Chem., 32, 450 (1960). 
Halasz, I., and Schneider, W., G.C., Edinburgh 
(1960) p. 121. 


pte <a, HinessC. K: and Slay, J.. E., 


“Advances in Mass Spectrometry” (Pergamon 
Press, London, 1959). 


. Hall, W. K., and Emmett, P. H., J. Am. 


Chem. Soc., 79, 2091 (1957). 

Hall, W. K., Sill, G., and Wolfe, C. L., Science, 
126, 821 (1957). 

Hansen, R. P., and McInnes, A. G., Nature, 
173, 1093 (1954). 


. Hanson, D. N., and Maimoni, A., Anal. Chem., 


31, 158 (1959). 


. Hardy, C. J., J. Chromatog., 2, 490 (1959). 
. Hardy, C. J., and Pollard, F. H., J. Chromatog., 


251 (1959). 

Harrison, G. F., V.P.C., London (1957) p. 332. 
et al., G.C., Amsterdam 
(1958) p. 216. ‘ 

Haslam, J., Hamilton, J. B., and Jeffs, A. R., 
Analyst, 83, 66 (1958). 

Haslam, J., and Jeffs, A. R., Analyst, 83, 455 
(1958). 

Hawke, J. C., Dunkley, W. L., and Hooker, 
C. N., New Zealand J. Sci. Technol., B.38, 
925 (1957). 

Hawke, J. C., Hansen, R. P., and Shorland, 
F. B., J. Chromatog., 2, 547 (1959). 
Heilbronner, E., Kovats, E., and Simon, W., 
Helv. Chim. Acta, 40, 2410 (1957). 
Herington, E. F. G., V.P.C., London (1957) 


Hesse, G., Z. Elektrochem., 55, 60 (1951). 
Hinkle, E. A., et al., G.C., Michigan (1959) 


De2r 

Hively, R. A., J. Chem. & Eng. Data., 5, 237 
(1960). 

Holmes, J. C., and Morrell, F. A., Appl. 


Spectroscopy, 11, 86 (1957). 

Horn, O., Schwenk, V., and Hachenberg, H., 
Brennstoff-Chem., 39, 336 (1958). 

Horning, E. C., Moscatelli, E. A., and Sweeley, 
C. C., Chemistry & Industry, 751 (1959). 
Hudy, J. A., Anal. Chem., 31, 1755 (1959). 
Hughes, M. A., White, D., and Roberts, A. L., 
Nature, 184, 1796 (1959). 


. Hurn, R. W., Chase, J. O., and Hughes, K. J., 


Arn. IN. Ye Acad. Set. 72, 675 (1959). 
Huyten, F. H., Beersum, W. van, and Rijnders, 
G. W. A., G.C., Edinburgh (1960) p. 174. 
Irvine, L., and Mitchell, T. J., J. Appl. Chem. 
8, 3 (1958). 

Iveson, G., and Hamlin, A. G., G.C., Edin- 
burgh (1960) p. 85. 

James, A. T., Biochem. J., 52, 242 (1952). 


. James, A. T., Research, 8, 8 (1955). 


James, A. T., Anal. Chem., 28, 1564 (1956). 
James A. T., J. Chromatog., 2, 552 (1959). 
James, A. T., and Martin, A. J. P., Biochem. 
J., 50, 679 (1952). 

James, A. T., and Martin, A. J. P., Biochem. 
J., 63, 144 (1956). 


152k 
153. 
154. 
L555 
156. 
UST 
158. 
159. 


160. 
161. 


162. 
163. 


164. 


165. 


166. 


167. 


James, A. T., and Martin, A. J. P., J. Appl. 
Chem., 6, 105 (1956). 

James, A. T., Martin, A. J. P., and Howard- 
Smith, G., Biochem. J., 52, 238 (1952). 
James, A. T., and Webb, J., Biochem. J., 66, 
SHiSs (GBA) E 

James, D. H., and Phillips, C. S. G., J. Chem. 
Soc., 1066 (1954). 

Jamieson, G. R., J. Chromatog., 3, 464, 494 
(1960), 4, 420 (1960). 

Janak, J., Collection Czechoslov. Chem. Com- 
muns., 19, 684 (1954). 

Janak, J., Collection Czechoslov. Chem. Com- 
muns., 700 (1954). 

Janak, J., Collection Czechoslov. Chem. Com- 
muns., 917 (1954). 

Janak, J., Mikrochim. Acta, 1038 (1956). 
Janak; oJ... V.P.C., > London (i957) 2 pp. 2352 
p. 247. 

Janak, J., G.C., Edinburgh (1960) p. 233, 
also Nature, 185, 686 (1960). 

Janak, J., Review in preparation for J. 
Chromatog. 

Janak, J., Komers, R., and Sima, J., Collection 
Czechoslov. Chem. Communs., 24, 1492. 
(1959); G.C., Amsterdam (1958) p. 343; Z. 
anal. Chem., 164, 69 (1958). 

Janak, J., Krejci, M., and Dubski, E. E:. 
Collection Czechoslov. Chem. Communs., 24,. 
1080 (1959); Ann. N.Y. Acad. Sci., 72, 731 
(1959). 

Janak, J., Nedorost, M., and Bubenikova, V... 
Chem. Listy, 51, 890 (1957). 

Janak, J., and Novak, J., Collection Czechoslov. 
Chem. Communs., 24, 384 (1959). 

Janak, J., and Komers, R., Collection Czechos- 
lov. Chem. Communs., 24, 1960 (1959); G.C., 
Amsterdam (1958) p. 343. 

Jennings, E. C., Curran, T. D., and Edwards,. 
D. G., Anal. Chem., 30, 1946 (1958). 

Johns, T., G.C., Michigan (1958) p. 31. 


. Johns, T., Burnell, M. R., and Carle, D. W..,. 


G.C., Michigan (1959) p. 82. 


. Johnson, H. W., and Stross, F. H., Anal. 
Chem., 30, 1586 (1958). 
Johnson, H. W., and Stross, F. H., Anal. 


Chem., 31, 357 (1959). 

Jones, C. E. R., G.C., Edinburgh (1960) p. 163. 
Jones, J. H., and Ritchie, C. D., J. Assoc. 
Offic. Agr. Chemists, 41, 753 (1958). 


. Jones, J. H., Ritchie, C. D., and Heine, K. S.., 


J. Assoc. Offic. Agr. Chemists, 41, 749 (1958). 
Juvet, R. S., and Wachi, F. M., Anal. Chem., 
32, 290 (1960). 

Karagounis, G., and Lippold, G., Naturwiss., 
46, 145 (1959). 

Karasek, F. W., and Ayers, 
Journal, 7, 70 (1960). 
Karchmer, J. H., Anal. Chem., 31, 1377 (1959). 
Karmen, A., and Bowman, R. L., Ann. N.Y. 
AGidw SCinde, Tl40(1959)\e 

Karmen, A., and Tritch, H. R., Nature, 186, 
150 (1960). 


Ba On els 


60 


183. 
184. 


185. 
186. 


187. 
188. 
189. 
190. 


19d" 


Karr, C., et al., Fuel, 37, 227 (1958); Anal. 
Chem., 30, 1413 (1958). 

Kaufman, J. J., Todd, J. E., and Koski, W. S., 
Anal. Chem., 29, 1032 (1957). 

Kelker, H., Angew. Chem., 71, 218 (1959). 
Keller, R. A., and Freiser, H., G.C., Edin- 
burgh (1960) p. 129. 

Keppler, J. G., Dijkstra, G., and Schols, J. A., 
V.P.C., London (1957) p. 222. 

Kerr, J. A., and Trotman-Dickenson, A. F., 
Nature, 182, 466 (1958). 

Keulemans, A. I. M., V.P.C., London (1957) 
p. 30. 

Keulemans, A. I. M., “Gas Chromatography” 
(Reinhold, N.Y., Second Edition, 1959). 
Keulemans, A. I. M., and Kwantes, A., V.P.C., 
London (1957) p. 15. 


. Keulemans, A. I. M., Kwantes, A., and Zaal, 


P., Anal. Chim. Acta, 13, 357 (1955). 


. Khan, M. A., and Whitham, B. T., J. Appl. 


Chem., 8, 549 (1958). 
Kieselbach, R., Anal. Chem., 32, 880 (1960). 


. Kieser, M. E., and Sissons, D. J., Nature, 185, 


528 (1960). 


. Klinkenberg, A., V.P.C., London (1957) p. 211. 
. Knight, H. S., Anal. Chem., 30, 9 (1958). 

. Knight, H. S., Anal. Chem., 30, 2030 (1958). 
. Kovats, E., Helv. Chim. Acta, 41, 1915 (1958). 


Kratz, P., Jacobs, M., and Mitzner, B. M., 
Analyst, 84, 671 (1959). 


. Krejci, M., and Tesarik, K., Collection Czecho- 


slov. Chem. Communs., 25, 691 (1960). 


a Krejct,, M:, Nesarik, K...and Janak, J.) (GiGo 


Michigan (1959) p. 105. 
Kreyenbuhl, A., and Weiss, 
chim. France, 1880 (1959). 
Kronmueller, G., G.C., Michigan (1959) p. 79. 
Kwantes, A., and Rijnders, G. W. A., G.C., 
Amsterdam (1958) p. 125. 

Kyryacos, G., and Boord, C. E., Anal. Chem., 
29, 787- (1957). 

Langer, S. H., Pantages, P., and Wender, I., 
Chemistry & Industry, 1664 (1958). 


By Bulle soe. 


. Lard, E. W., and Horn, R. C., Anal. Chem., 


32, 878 (1960). 


Lederer, M., (ed.), Chromatographic Data, 
Supplement to J. Chromatog., 1, (1958). 
Lederer, M., (ed.), Chromatographic Data 


Supplement to J. Chromatog., 2, (1959). 
Meloni and Larrago, X.. 7, 
74, PAI) (IERIE 

Lehrle, R. S., and Robb, J. C., Nature, 183, 
1671 (1959). 

Lewis, J. S., and Patton, H. W., G.C., Michigan 
(1958) p. 145. : 
Lewis, J. S., Patton, H. W., and Kaye, W. L, 
Anal. Chem., 28, 1370 (1956). 

Liberti, A., G.C., Amsterdam (1958) p. 341. 
Liberti, A., and Cartoni, G. P., G.C. Amster- 
dam (1958) p. 321. 
Liberti; “Aw Contiwel., 
Nature, 178, 1067 (1956). 


Chromatog., 


and Crescenzi, V.., 


4 


Reviews of Pure and Applied Chemistry 
a ee Se 


218% 


Lichtenfels, D. H., Fleck, S. A., and Burow, 
F. H., Anal. Chem., 27, 1510 (1955). 


. Link, W. E., Hickman, H. M., and Morrissette, 


R. A., J. Am. Oil. Chemists Soc., 36, 20, 300 
(1959). 


. Lipsky, S. R., and Landowne, R. A., Ann. 


N.Y. Acad. Sci., 72, 666 (1959); Biochim. 
Biophys. Acta, 31, 336 (1959). 


. Lipsky, S. R., Landowne, R. A., and Lovelock, 


J. E., Anal. Chem., 31, 852 (1959); J. Am. 
Chem. Soc., 81, 1010 (1959). 


. Littlewood, A. B., Nature, 184, 1631 (1959). 
. “Littlewood, A. B., Phillips, C. S. G., and Price, 


D. T., J. Chem. Soc., 1480 (1955). 


. Lovelock, J. E., G.C., Edinburgh (1960) p. 9. 
. Lovelock, J. E., James, A. T., and Piper, E. A., 


Ann. N.Y. Acad. Sci., 72, 720 (1959). 


. Lovelock, J. E., and Lipsky, Ss: R:, 2 Am: 


Chem. Soc., 82, 431 (1960). 


. Lowe, A. E., and Moore, D., Nature, 182, 


133 (1958). 


. Lowry, C. D., Chem. Eng. News, 37, (7), 78 


(1959). 
Loyd, R. J., Ayers, B. O., and Karasek, F. W.., 
Anal. Chem., 32, 698 (1960). 


e Leysyi, 1 Anal. Chem 325 7a CloGune 


McCreadie, S. W. S., and Williams, A. F., 
VAppl. Ghem 1,416 Cost): 

McEwen, D. J., Chem. in Canada, 11, (10) 
35 (1959). 
McFadden, 
(1958). 
McInnes, A. G., et al., J. Chromatog., 1, 556 
(1958). 

McKenna, T. A., and Idleman, J. A., Anal. 
Chem., 31, 2000 (1959). 


W. H., Anal. Chem., 30, 479 


McWilliam, I. G., J. Appl. Chem., 9, 379 
(1959). 
McWilliam, I. G., Unpublished results. 


McWilliam, I. G., and Dewar, R. A., G.C., 
Amsterdam (1958) p. 142, McWilliam, I. G., 
Australian patent 223,504, British patent 
838,189, others pending. 

Maezek, A. O.-S., ‘and Phillips; GS) GGG 
Edinburgh (1960) p. 80. 

Madison, J., Anal. Chem., 30, 1859 (1958). 
Martin, R. L., Anal. Chem., 32, 336 (1960). 
Martin, R. L., and Winters, J. C., Anal. Chem., 
31, 1954 (1959). 

Martin, S. B., J. Chromatog., 2, 272 (1959). 
Messner, A. E., Rosie, D. M., and Argabright, 
P. A., Anal. Chem., 31, 230 (1959). 

Moore, W. R., and Ward, H. R., J. Am. 
Chem. Soc., 80, 2909 (1958). 

Morrow, H. N., and Buckley, K. B., Petrol. 
Refiner, 36, (8), 157 (1957). 

Munday, C. W., and Primavesi, G. R., V.P.C., 
London (1957) p. 146. 

Murray, K. E., Australian J. Appl. Sci., 10, 
156 (1959). 

Murray, K. E., Australian J. Chem., 12, 657 
(1959). 

Nerheim, A. G., Anal. Chem., 32, 436 (1960). 


a 


Le McWilliam — Gas Chromatography . 


61 


289. 


. Nowakowska, J., Melvin, E. H., and Wiebe, R 


. Ormerod, E. C., and Scott, 


Petotlard, “2 H.; 


J 


J. Am. Oil Chemists’ Soc., 34, 411 (1957). | 
Ogilvie, J. L., Simmons, M. C., and Hinds, 
G. P., Anal. Chem., 30, 25 (1958). 


Roo We. 
Chromatog., 2, 65 (1959). , 


. Orr, C. H., and Callen, J. E., J. Am. Chem. 


Soc., 80, 249 (1958). 


. Orr, C. H., and Callen, J. E., Ann. N.Y. Acad. 


Sci., 72, 649 (1959). 


. Pecsok, R. L., (Ed.), “Principles and Practice 


of Gas Chromatography” (Wiley, New York, 
ISO) 


. Perrine, W. L., G.C., Michigan (1959) p. 64. 
. Phillips, 


C. S. G., “Gas Chromatography” 
(Butterworths, London, 1956). 

Perotti. Cay, wetsalt--Ams) Chem. Soc: 78; 
2989 (1956), Ind. Eng. Chem., 51, 95 (1959). 
Pitkethly, R. C., Anal. Chem., 30, 1309 (1958). 
Pollard, F. H., and Hardy, C. J., Chemistry & 
Industry, 1145 (1955). 

and Hardy, 
London (1957) p. 115. 
Porter, Ps bs Deal. SH -and ‘Stross, Bu HH. 
J. Am. Chem. Soc., 78, 2999 (1956). 
Primavesi, G. R., et al., G.C., Amsterdam 
(1958) pp. 19-22. 

Primavesi, G. R., Nature, 184, 2010 (1959). 
Primavesi, G. R., Oldham, G. F., and Thomp- 
son, R. J., G.C., Amsterdam (1958) p. 165. 
Purnell, J. H., V.P:C., London-({1957) p. 52. 
Purnell, J. H.> and Quinn, C. P:, G.C.,. Edin- 
burgh (1960) p. 154. 

Oume ls: J, Ore. Chem. 24, 911 (1959); 
Nature, 182, 865 (1958). 

Quin, L. D., and Hobbs, M. E., Anal. Chem., 
30, 1400 (1958). 

Ralls, J. W., Anal. Chem., 32, 332 (1960). 
Raupp, G., Z. anal. Chem., 164, 135 (1958). 
Raupp, G., Angew. Chem., 71, 284 (1959). 
Ray, N. H., J. Appl. Chem., 4, 21 (1954). 
Ray, N. H., J. Appl. Chem., 4, 82 (1954). 
Ray, N. H., Analyst, 80, 853 (1955). 

Rock, H., Chem.-Ing.-Tech., 28, 489 (1956). 
Root, M. J., G.C., Michigan (1958) p. 99. 
Rose, B. A., Analyst, 84, 574 (1959). 

Roth, J. F., and Ellwood, R. J. Anal. Chem., 
Sle i73s (1959). 

Ryce, S. A., and Bryce, W. A., Anal. Chem., 
2959255 (C1957) 

Samsel, E. P., and Aldrich, J. C., Anal. Chem., 
31, 1288 (1959). 

Sasaki, N., Tominaga, K., 
Nature, 186, 309 (1960). 
Schift. L. L., and Evans, R.-D-, Rev. Sei. Instr., 
7,456 (1936) 

Schmauch, L. J., Anal. Chem., 31, 225 (1959). 
Schmauch, L. J., and Dinerstein, R. A., Anal. 
Chem., 32, 343 (1960). 

Scholly, P. R., and Brenner, N., G.C., Michi- 
gan (1959)-p. 111. 

Scott, G. C., J. Inst. Petrol., 45, 118 (1959). 
Scott, R. P. W., V-P.C., London (1957) p. fous 


Ceri ieee. Ge 


and Aoyagi, M., 


318. 
Sil 


320. 
Bz 


ee SOKOL ae Loe 


Scott, R. P. W., G.C., Amsterdam (1958) 
p. 189. 


= Scotha Ro Pa WwW. sandsaCumime, GaeA..) GC, 


Edinburgh (1960) p. 20; Nature, 185, 312 
(1960). 


. Scott, R. P. W., and Hazeldean, G. S. F., G.C., 


Edinburgh (1960) p. 30. 


. Seely, G. R., Oliver, J. P., and Ritter, D. M., 


Anal. Chem., 31, 1993 (1959). 

Shabtai, J., Herling, J., and Gil-Av., E., J. 
Chromatog., 2, 406 (1959), 

Simmons, M. C., Richardson, D. B., and 
Dvoretzky, IL, G.C., Edinburgh (1960) p. 45. 
Simmons, M. C., and Snyder, L. R., Anal. 
Chem., 30, 32 (1958). 

Smith, B., Acta Chem. Scand., 13, 480 (1959). 
Smith, DM: Bartlet, J, Gs and levi, ile 
Anal. Chem., 32, 568 (1960). 

Smith, H. A., and Hunt, P. P., J. Phys. Chem., 
64, 383 (1960). 

Smith, R. N., Swinehart, J., and Lesnini, D. G., 
Anal. Chem., 30, 1217 (1958). 
Collection Czechoslov. 
Communs., 24, 437 (1959). 

Spencer, C. F., Baumann, F., and Johnson, 
J. F., Anal. Chem., 30, 1473 (1958). 
Spencer-.C. Fe; and’ Johnson, J. Es Anal: 
Chem., 30, 893 (1958). 

Springler, H., and Markert, F., Mikrochem. 
Acta, 122 (1959). 

Spracklen, S. B., 7.8.4. Journal, 4, 514 (1957); 
Process Control and Automation, 5, 81 (1958). 
Stasch, A. R., Bull. Georgia Acad. Sci., 16, 
Giese (1958)e 

Stewart, G. H., Seagel, S. I., and Giddings, 
J CurAnaly Chernmnstel3ss0 C959) 

Stewart, J. E., et al., Nature, 186, 628 (1960). 
Stoffel, W., Insull, W., and Ahrens, E. H., 


Chem. 


Lancet, 1, 115 (1959): Proc. Soc. Expt. Biol. 


Med., 99, 238 (1958). 

Stoffel, W., Chu, F., and Ahrens, E. H., Anal. 
Chem., 31, 307 (1959). 

Strassburger, J., et al., Anal. Chem., 32, 454 
(1960). 

Sullivan, J. H., Walsh, J. T., and Merritt, C., 
Anal. Chem., 31, 1826 (1959). 

Sullivan, L. J., Lotz, T. R., and Willingham, 
C. B., Anal. Chem., 28, 495 (1956). 
Sundberg, O. E., and Maresh, C., Anal. Chem., 
32, 274 (1960). 

Sweating, J. W., Chemistry & Industry, 1150 
(1959). 

Szulczewski, D. H., and Higuchi, T., Anal. 
Chem., 29, 1541 (1957), Marvillet, L., and 
Tranchant, J., G.C., Edinburgh (1960) p. 194. 
Szymanski, H., et al., Anal. Chem., 31, 2110 


(1959). 

Tamaru, K., Nature, 183, 319 (1959). 
Taylor, G. W., and Dunlop, A. S., GC., 
Michigan (1958) p. 73. 

Tenney, H. M., Anal. Chem., 30, 2 (1958). 


Anal. 


( 
Tenney, H. M., and Harris, R. J., 
Ghenis 29, 317 (1957): 


62 

322. Tepe, J. B., and Wesselman, H. J., J. Am. 
Pharm. Assoc., Sci. Ed., 47, 457 (1958). 

323. Timms, D. G., Konrath, H. J., and Chirnside, 
Rr Gy aie 83, 601 (1958). 

324. Tonge, B. L., and Timms, D. G., Chemistry 
& Industry, 155 (1959). 

325. Turner, D. W., Nature, 181, 1265 (1958). 

326. Villalobos, R., Brace, R. O., and Johns, T., 
G.C., Michigan (1959) p. 16. 

327. Vizard, G. S., and Wynne, A., Chemistry & 
Industry, 196 (1959). 

328. Warren, G. W., et al., Anal. Chem., 31, 1013 
(1959). 

329. Warren, G. W., et al., Anal. Chem., 31, 1624 
(1959). 

330. Webhrli, A., and Kovats, E., Helv. Chim. Acta, 
42, 2709 (1959). 

331. Weinstein, A., Anal. Chem., 32, 288 (1960). 

332. West, P. W., Sen, B., and Gibson, N. A., 
Anal. Chem., 30, 1390 (1958). 

333. Westaway, H., and Williams, J. F., J. Appl. 
Chem., 9, 440 (1959). 

334. Weurman, C., and Dhont, J., Nature, 184, 
1480 (1959). 

335. White, D., and Cowan, C. T., G.C., Amster- 


336. 
337 
338. 


339. 
340. 


341. 
342. 
343, 


344, 
345. 


346. 
347. 
348. 


349, 


he 
+ 

\ 
4 y 


Reviews of Pure and Applied Chan 


Ii 


1 
dam (1958) p. 116, Trans. Faraday Soc., 54, 
557 (1958). \ 
Whitham, B. T., V.P.C., London (1957) p. 395. 
Whitham, B. T., Nature, 182, 391 (1958). ; 
Wilzbach, K. E., and Riesz, P., Science, 126, 
748 (1957). 
Wirth, M. M., V.P.C., London (1957) p. 1540 
Youngyas, —R., Chemistry & Industry, 594 | 
(1958). 
Zarembo, J. E., 
31591833 (1959): 
Zhukhovitskii, A. A., and Turkeltaub, N. M., 
Zavodskaya Lab., 24, 796 (1958). 
Zinn, T. L., et al., G.C., Michigan (1958) 
p. 281. ; 
Zlatkis, A., Anal. Chem., 30, 332 (1958). 
Zlatkis, A., Symposium on Gas Chromato- 
graphy, Toronto (Feb. 1st, 1960)—unpublished. 
Zjatkis, A., and Kaufman, H. R., G.C., Michi- 
gan (1959) p. 152. 
Zlatkis, A., and Kaufman, H. R., Nature, 184, 
2010 (1959). 
Zlatkis, A., Ling, Su-Yu, and Kaufman, H. R., 
Anal. Chem., 31, 945 (1959). 
Zlatkis, A., Oro, J. F., and Kimball, A. P., 
Anal. Chem., 32, 162 (1960). 


and Lysyj, I., Anal. Chem., | 


